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FOREWORD

This report contains the results oe a research study supported

by the Advanced Research Projects Agency under ARPA order No. 2484. The

AARPA Project Officer was Dr. Stanley Ruby, Materials Sciences.

This report is presented in three volumes, containing the

following major sections.

6 Volume 1. Interactions of Materials with New Fuels

SI Introduction

II General Characteristics of New Fuels
III Behavior of Engineering Materials in New Fuel

Environments

Volume 2. Materia3s Aspecta of the Use, Production, Transportation

and Storage of New Fuels

IV M1aterials Aspects of the Use of New Fuels

V Materials Aspects of the Production of New Fuels

from Nonfossil Sources

VI Materials Aspects of the Transportation of New Fuels

VII Materials Aspects of the Storage of New Fuels

Volume 3. Materials Research Needs in Advanced Energy Systems

Using New Fnels

VIII Correlation and Analysis of Materials Requirements

IX Research Recommendations and Priorities

The authois of this report would like to acknowledge the valuable contri-

butions to the performance of this study by the following SRI staff

members: T. Anyos, M. Barnes, E. Capener, T. Goodale, D. Hildenbrand,

P. Jorgensen, G. Koo, R, Weaver, H. Wise, R. Wright, and the Staff

of the Report Services Department. We would especially like to

acknowledge the special assistance of Dr. J. Giner, Consultant, with

S~iii



regard to the discussions of fuel cells, the electrolytic production of

hydrogen, and high energy density batteries. We would also like to

express our appreciatioi of the many members of the staff of government

and industrial organizal ions who gave us the benefit of their knowledge

and experience.
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VIII CORRELATION Ahl) ANALYSIS OF MATERIALS REQUIREMENTS

This section summarizes the materials research, development and

testing programs identified in Sections IV through VII (Volume 2) needed

to support the use, production, transportation, and storage of the new

fuels. The summary is presented in tabular form in Tables VIII-1 through

VIII-4. Table VIII-1 summarizes the materials research, development, and

testing needs related to the use of now fuels and Table VIII-2 provides

this information for the production of new fuels. Tables VIII-3 and

VIII-4 summarize the transportation and storage aspects, respectively,

of the study.

The primary grouping used in these tables is the major equipment or

process class. The significance of the various column headings is

described in more detail below.

Item Number (Column 1)

The item number appearing in ths first column is a three-digit

number that identifies a specific research, development, or testing need

listed in Column 7. The first of the three digits identifies the major

equipment or process class to which the item relates. For example, in

Table VIII-1 the initial digit 1 refers to the major equipment class of

Turbines. The second digit is allocated to a subrlase of equipment or

process associated with a particular fuel. For example, the second

digit I in Table VIII-l is associated with conventional steam turbines

burning hydrogen, while the second digit 2 is associated with conven-

tional gas turbines burning hydrogen with air; the second digit 5 is

associated with conventional gas turbines burning ammonia. The final

digit refers to a specific materials research, development, or testiug

need itemized in Column 7 of the table.

VIII-1



Equipment Class (Column 2)

The equipment or process class is shown in Column 2 of the table,

with the actual heading varying according to the major topic--use-pro-

duction, transportation, or storage--with which the table is concerned.

The major equipment or process class is shown capitalized in association

with a single digit in Column 1. Under each major class a number of sub-

classes of equipment or processes are listed to further define the problims

and solutions associated with each major class. For example, in Table

VIII-2 under the major process class of Advanced Electrolyzers, the var-

ious electrolyzer types are subclassified according to the electrolyte

used. Each electrolyte is indicated by a different second digit in the

item number, as explained above.

Fuel (Column 3)

Column 3 lists the particular fuel with which the research, develop-

ment, and testing need is associated. In some instances, where there is

an option of burning the fuel with air or oxygen, the use of one or the

other is noted.

Problem Area (Column 4)

Coluran 4 shows the general problem area in which the research, develop-

ment, and testing need exists. This is generally a particular part of

the specific equipment or process listed in Column 2. In some instances,

it is a generalized statement of a problem, which may or may not have

particular materials aspects. Foi example, in Table VIII-2 conventional

electrolyzers of both unipolar (Item 1.1.1) and bipolar (Item 1.2.1)

types do not suffer from any major materials problem but are generally

deficient in the problem area of efficiency and cost, for which the only

solution appears to be a major improvement in the overall technology.
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Type of Solution (Column 5)

Column 5 defines the type of activity needed to solve the problem

describec& in Column 4. This may be a materials activity described by

g general terms, such as materials research or materials selection, or by

more specific terms, such as catalyst development. In some instances the

activity required may be of a type, such as engineer~ng design, to which

S. materials oriented activities do not directly contribute. In many

I instances, the type of solution involves both materials oriented and

I •other types of activity.

Materials Problems (Column 6)

Column 6 identifies specific materials problems, that are components

of the general problem area listed in Column 4. Several materials problems

I may, of course, be identified within a single problem area. In other

I instances, such as those where the type of solution indicated in Column 5

does not include a materials activity, Column 6 contains a negative entry,

such as "none" or "none expected."

Materials R, D, and T Needs (Column 7)

Column 7 lists the specific program required to solve the materials

Sproblems identified in Column 6. Where possible these programs are

described in sufficient detail to identify th'e specific materials activity.

In some instances, an entry is made that indicates general support for

engineering design or development activities. In Z4:.'e cases, the prP.cise

nature of the materials research, development, and testing needs cannot

be identified until the engineering effort is in progress. Each entry1

in this column is specifically identified by the item number in Column 1,

even when no specific materials research, development, and testing needs

exist.

VIII-3



Remarks (Column 8)

Column 8 contains comments to clarify the problem area or the program

suggested. In addition, references are made to other items in which

similar or related work is suggested. No comment is indicated by a dash.

Report Referencee (Column 9)

Column 9 is a specific topic reference to Volume 2 of the report.

Additional information and discussion of each problan area can be located

in Volume 2 by using this topic reference in conjunction with the Table

of Contents of the relevant report section.

IVIII-4
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TABLE VIII-1
MATERIALS RESEARCH DEVELOPMENT AND TESTING

NEEDED TO SUPPORT THE USE OF NEW FUELS



Table 'I',I-l

MATULIALS RESEARCH DEVELOPMEIT AND TES'a!IN.; NEEDED TO SUPPORT THE USE

Item
No. 'quipment Class Fuel Problev Arta Type of Solution Macerials Problems Material

1. TURBINES

1.1.1 Steam,conventional. 14'sir. fuel suoply systea Materia.s seuectiozi. H, environment effects. Test materi
exposed to hydrogen. environment

operating 1

1.1.2 Modified burnere 9'ýafjrn: uataiials Increased operating Component t
required. selection. t•- ".i-rature.
Higher flame teapera-
ture.

1.2.1 Gas, conventional P2 (gas or Fuel tupply systems, Material% selection. Cryogeiiic temperatures, Determine ti
(including indus- liquld) heat exchanger/gar.t- 11 environment effects. erties of ci
trial. aircraft, /air. tier Axposed to purity and i
marine, and autc- hydrcgen. H2 gas envi.
motive types). approximate:

1.2.2 Modifications required Desi-gn. None expected. None.
for compressor/turbi ne
matching.

1.2.3 Combustors, vanes, Haterials research, Effects of high-tempera- Fundamental
blade&, affe•t.ed by development and ture, high H1O content temperature
higher ilame tempera- testing. environments On combustor on SL3 N , C1

turet, -igh HO2 con- and turbine materials.
t.'nt combustion gases.

1.'2.4 Determine c;

and oxidatlI
candidate a
lngs in sza.a

cast's.

1.2.5 Engineering design and Materials bchsvior in fuel Erosion/cor]
development of advanced or water-tooled comhustors, and cerarici
cooling a-ethods. vanes or blades. temperature

1.2.6 Hohavior of
ceramics ir
maately 2mW

1.2.7 Fabrication of components Materials eA
for advanced cooling design and i

systems. cooling sysi

1:3.1 Gar, hydrogen H2 liquid, Fuel supply system, Materials selection. Effects of high purity H: Materials ai
expanrion, gasified heat exchanger/gasi- environment on materials long times

and burned tier, and turbine of construction frem -423"F Effect of IL
with air. exposed to hydrogen. to l$OOF under steady and ture toughg.

fluctuating stresses, of stainles:

brazing *li

VI1-1



Table VIII-1

DEVELPMJNT AND TESTING NEEDED TO SUPPORT THE USE Or NEW FUELS

•= Report Reference

"Solution Materials Problems Materials R, D, and T Needs F.emrks in Vol. 2, Sect. IV

selection. H, environment effects. Test materials and omoponents in H. A-l.l, A-4.4, A-5.4

enviroonns to establish safe

operating limits.
terials Increased operating Component testi-r. Life of boiler tubing likely A-1

Stemperature. to increase due to clean

fuel.

selection. Cryogenic temperatures. Determine tensile and fatigue prep- Candidate materials include A-2.2, A-4.4, A-5.4
H, environment effects. erties of candidate materials in nigh Al alloys austenitic stain- (See also Vol. 1,

purity and deliberately contaminated less tteels, nickel alloys, Section 1Il-A).

H2 gas environmenta from -423'1 to and special brazing alloys,
approximately 6004F.

None expected. None. Advaicid composite and Ti A-2.1, A-4.1
alloy materials and labric-
athon programs for conven-

tionally foeled gas turbines

are relevant.

researcn', Effects of high-tempera- Fundamental studies of effect of high- Development and testing of A-2, A4, A-5.2
nt and ture, high 11,0 content temperature , high-H40 environments high-temperature alloys,

environments on combustor on Si 3 4,. Cb alloys, coatings. coatings wne ceramics, pro-
a, urbine materials. ooedl-eg for conventionally

fueled gas turbine3, is

relevant. I1, D, and T pro-

"grams need expanding to

include modified environ-

nents due to change of fuel.

Determine creep and fatigue properties A-2, A-4, A-5.2
and oxidation/corrosion reststancs of

candidate alloys, cerItcs and coat-
ings in simulated Hiair combustion

"gases.
design and Materials behavior in luel Erosion/corrosion of candida.te alloys Roquired if water cooling is A-2, A-4, A-5.2

t of advanced or water-cooled combustors, and ceramics in 'xigh-veloctty, high- feasible.
thods. vanes or blades, temperature 110.

Behavior of candidate alloys and fequirea it hydrogen fuel A-2, A-4, A-5.2
ceramics in H, from --423' to approxi- cooj ing is feailble.
mutely 25xe*F.

Fabrication of components Materlals engineering au-port for - A-2,A , A-5.2
for advanced cooling design and development t)f advrnced
systems. coolirg systems.

selection. Effects of high pu: ty H Materials and component testing for Overlaps items !.I.1 and A-2.2. A-4,3.5,
0environment on materials long times In high-purity I)agas. 1..1. s-.4, A-5,4
of ,on•truction from -423?F Effect of P, en tanl•le, creep, frne-
to Ii•W*F trider steady end ture toughness and fatigue bohavior
fluctuatinc stresses. of stainless steels, auperalloys ane

brazing alloys from -423F to 1500'F.

•" VIII-S
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Table VIII-1 (Coatinued)

MATERIALS XESEARCH DEVELOP)ENT PND TESTING NEEDED '7O SbPPOR1 THE USE -F

Item
I No. Equipment Class Fuel Problem Ares. Type of Solution Materials Problema. Malerials E

1 . TURBINES (Con't)

1.4.1 H.-drogen/oxygen. Hf (gas or H2 supply system. Materials selection. Cryogernic temperatures, See item 1.2.1

liquid)/02  H. enviroruent effects.

(gas or
liquid).

1.4.2 02 supply system. Establish and adne.xe Ignition of metals and None.

to sa,- .y standards. organic materials.

1.4.3 Combustors and turbine Engineerir.g design and Effects of high temperature None at this I
components exposed to development of 3dvanced and 11•0 environments on

very high temperatures cooling methods. :andidute metallic and
and high-temperature Materials R, D, and T. .e:aaic materials of con-

11.0 environment. construction.

1.5.1 Gas, conventional. NH2 Fuel supply system. gaterialb selection. Stress corrosion cracking Esrablish lia

of steels, copper alloys, regard - stei

level and typ4

nant concentr.

- 1.5.2 Compressor and turbine. Design for optimum No special problems expec- None.

- performance, ted.

• 1.6.1 Gas, conventional. Methanol. Fuel supply system. Materials selection. Avoid Ti alloys. None.

1,6.2 Compressor and turbine. Design for optimum None. None.
performance.

1.7,1 Gat, conventional. CO No problems expected in - None. Nonw.

fuel supply systems.

1.7.2 Compressor wrn turbine. Design for optimto None. None.I performance.

2. BYIMMONIC AIRCRAFT

M EINES ________________

2.1.1 Scramjet. Hi/sir Engines and heat Design, materials High- /assure hydrogen Not clearly d

,echangnrs. selection, developrent envir.-Jaents fron cryogenic

_nd tesmtsg. to t•gl, temperatures; high-

terpe-ature oxidizing

er.vironments, high aerody-

rtamic stresses, hi;h.-fre-
quenty famigue, thermal

fatigue, sevare the•rl

sthock rad therna. stressos.

VIII-6



RESEARCH DEVzWC*IEJ AND) TECTWM Wb'OW TO 5PPMrOR THE US? F ItEW FUELS

nloport Reference
pe of Solutioto, aterilas Problems l.stflis R , D.ai T Sets Remarks in Vol. 2. Sect. I

rials selection. Cry'.genic temperature., Sae item 1.2.1. See itee 1.%1. A-1.3, .1-5.3

H2 environment elfects.

lish ard adhere Ignition of metals and None. See Vol. 1, S-ct.

afety stand&rds, organic materials. 1I1-F

nteering design and Effects of high tenperatrrv Nore at this time. nitiation v-1 maturials ft, A-l.3, A-4.2, A-S
lopsnt of advanced and 51) envirsumentb on D, and T shutuld await further
lag methods. candldqte netelli- and concept dez*elej*ctnt. Items
rials R, 0, and T. ceromac materials of #on- 1.2.3. through 1.2.7 will

construction. generata releatn- dAti..

rials selection. Stress corrosion cracking Establish limits of phenomena aith Ro.soarch pongras-s p'-iear.ly A-3. See also

of steels, copper alloys, regard to stool composition, stress directed to P'te-lias prob- Vol. 1, Sect. III

level and type, and ammonia contaai- leus in the transpration of D.l.

nant concentration. ammonia will provide VWtt o'f

tMis data.

p for optimsm Xo special probless expec- None. A-3

oruaa . ted.

nala selection. Avoid Ti alloys. None. A-3. See also
Vol. 1 Sect. III-

S•R-1

1g for optimum 2One. None. A-3

None. :;one. A-3

pg for optimu None. None. A-3

materials Hig1h-pressure hydrogen Not clearly definable at this time. Relevazt data will tc pro- 13.1
tieon. dsvalomt envlronmts from cryo-entc duced by Items 1,2.1, 1.2.3,

testint. to hic. temperatures; high- 1.2.4, and 1.3.1.
temperature oxidizing

eavirnrimentr, high aerody-

nettie stresses, bigt?-fre-
q'sency fati-,ue. thermal

fatigue, severe thermal

shoc$, and thermal strense;.

i VIII14



Table VIII-l (Continued)

MATERIALS RESEARCH DEVELOPMIENT AND TESTING NEE9ED TO SUPPORT THE USE OF NE

Item

No. Equipment Class Fuel Problem Area Trpe of Solution Materials Problems Materials R,

3. ROCKET PROPULSION

I 'LINES

3.1.1 yiydrogen/oxygen. H2i'O2 Turbine drive units Materials. selection. High-pressure hydrogen or I 1.erowzAtl•in of

for fuel pumps. Heat hydrogen/water environ- toughness, creej

exchangers/gasifier ments. Temperature range erties of candi"

(thrust chamber determined by design, but steels, Ni allo)

cooling), spans -423OF to about high-pressure IL

15000F, Principal problems environments at

at higher temperatures, the range -428'i

i .3 2 Long life combustion Dosigr., materials fligh-pressure, V. high-tem- Materials and ct

chamber and nozzle. selection, znater0els erature, high-velocity if10

development and fabri- environment. Thermal shock,

cation. thermal fatigue.

3.2.1 Monopropellant. Hydrazine. Very long life docompo- Catalyst research and Present iridium catalysts Fundamental stw

sition catalysts. devnlt..-ent. tend to lose activity and mechanism of ca,

alumina catalyst support deterioration.
material deteriorates after

long-term i•ttermittent use.

3.2.2 Development of

catalyst.

4. M.H.D. SYSTENS

4.1.1 Hydrogen fueled. H5 /air or 12 cooled magnets. Materials selection. H, environment effects. None at this -i

H2/O2 Hot gas channel. Engineering design and Iligh-.tIC, high-temperature

Electrode materials. development, gas stream.

S5. I •. NTEiNAL CWSUSTI(V

ENGINES

5.1.1 Spark of diesel, H5/alr Fuel system components Materials selection. Possible H. environment Long-term engin

exposed to hydrogen. effects. failure analysi

5.1.2 Minor engine modifica- Engineering develop- None. None.

tions. mont.

5.2.1 Spalk or diesel. .l Fuel systems exposed Materials selection. N113 and 12 environment None.

to X1H1 and H2 if fuel effects.

is partly dlssociatod
to improve combustion.

5.2.2 Engine modifications Engineering develop- None. None.

and addition of NH, ment.

dissociation equipment.

5.3.1 Spark or diesel. Hydrazine. Not defined.

5.4.1 Spark or dicsel. Methanol. Cone.

Vill-?



Table VIII-I (Leatinued)

:•c DEVELOPMENT AND TESTING NEEDED TO SUPPORt THE USE OF NEW FUELS

Report Reference

Solution Materials Problems Materials R, D0 and T Needs Remarks in Vol. 2. Boat. IV

selection. High-pressure hydrogen or Determination of tensile, fracture Overlaps with item 1.3.1 B-2.-., B-3
hydrogen/wntor environ- toughness, creep and fatigue prop- Continuation and extension

ments. Temperature range erties of candidate stainless of current programs.
determined by design, but steels, Ni alloys, Co alloys in
spans -423*F to about high-pressure H. and 4 + 40O

1500*F. Principal problems environments at temperatures in

at higher temperatures, the range -428'F to 1500*F.

tarials High-pressure, V. high-tem- Materials and component rig testing. Possible long-term applica- B-2.1
a materials erature, high-velocity HO tion to Item 1.4.3.

t and fabri- environment. Thermal shock,

therl fatigue.

"research and Present iridium catalysts Fundamental studies to elucidate For small hydrazine decompo- B-2.2

t. tend to lose activity and mechanism of catalyst and substrate sition control and accessory

alumina catalyst support deterioratlon. engines. No major problems
material deteriorates after with large hydrazine/oxidizer
long-term Intermittent use. engines.

Development of improved mixed-metal - B-2.2
catalyst.

selection. H2 environment effects. None at this time. Clean H2 fuel superior to C

design and High-11O. high-teaperature fossil fuels for large
t gas stream. systems. Initiation of

materials R, D. and T should
await further engineering

design.

selection. Possible 1! environment Long-term engine tests, and materia).s No major dif•ictlties in use D-2, D-5
effects. failure analysis. of H2 fuel expected.

g develop- None. None. D-2, D-5

selection. N.! and H, envvioment None. iH is a poor fuel for I.C D-3, D-5
effects. engines, especially for

diesels.

_g develop- None. None. D-3, D-5

D-4. D-5

Existing practice. D-1, D-5

V~ii!-7



Table VIII-1 (Continued)

MATERIALS RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE USE OF NEO

Itom
Jo. EUIpiiernt Class Fuel Problem Area Type of Solution Materials Problems Materials R, I

4. EXTERNAL COMBUSTION
ENGINES

.1.I Steam, recipro- All ni.w Fuel supply system and Design, materials No major problems. None.
catins. fuels, burners, selection.

.2.1 Stirling cycle All new Fuel supply system and Design; materials No major problems. None.

(beating system). fuels, burners. -clnction.[.3.1 Stirling cycle (Ha All new Heater tubes, heat Materials develop- High pressure (5000 psi) H2 Determination of

working fluid), fuels, exchanger, operate at ment, selection, environment effects from toughness, creep,

high temperatures with subzero temperatures to properties of can

high internal H pre-.- 1500F on heat-resisting steels, Ni alloys
s ures. Working chambers alloys. 5000 psi hydroger

must contain Hý with subzero to 150001

minimum loss. High I•

reservoe r preesures.

,3.2 Coatings to reduce Dete.-mination of

hydrogen permeation through for candidate all

working chamber and heat and 1500'F.

exchanger tubing at high

temperatures. 'hermal

shock and thermal fatigue.

4.3.3 Develop coatings
H2ý permeation at
with substrate at

stand thermal fat

7 SPACE AND WATER

HEATING

7.1.1 Open flame combus- H/air. Fuel supply system and Design; materials No major problew None.

tion. burners, selection.

7.2.1 Catalytic combus- H,/air. Catalytic burner to Improved catalyst. Low-cost, long-life, high- Fundamental studi
- tion. operate efficiently at activity catalyst system catalytic oxid~ti

low temperatures for that is resistant to transition metal

long times, poisoning by contaminants. with empirical de
improved H2 oxida

.3.1 Open flame combus- NH3  Efficient, low-cost NH3 Improved catalyst. Low-cost, long-life, high- :)evelopment of a.
tion. (dissuc- dissociation equipment. activity catalyst system. iation catalysts.

lated).

7.4.1 Catalytic combus- NHN Catalytic burner to Improved catalyst. Low-cost, long-life, high Development of in
tion. operate efficiently at activity oxidation catalyst

low temperatures for that favors N. and H.O

long times, oxidation products.
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N Table VIII-1 (Continued)

ISIARCHi _.OiNT AND TESTrI%- NEEDED TO SUPPORT THE USE OF NEW FUELS

Report Reference

L Of Solution Materials Problems Materials R, D. and T Needs "'emarkn in Vol. 2, Sect. IV

1-materials No major problems. None. Careful attentlon to, mateijals E-l, E-4
selectic.- 'or H, 1,wl systems

will be na,'.ed.

pmaterial, No major problems. None. Careful attention to matev-1als F-2. E-4

on. selection for H2 fuel zysteo*
will be needed.

s develop- High pressure (5000 psi) H2  Determination of tensile, fracture Range of materials operating .-n, k-4

lection. environment effects from toughness, creep, and fatigue conditions covered by Items
subzero temperatures to properties of candidate stainless 1.3.1 and 3.1.1.

1500*F on heat-resisting steels, Ni alloys, Co alloys in

alloys. 5000 psi hydrogen at temperature from

subzero to 15000F.

Coatings to reduce Determination of t6 permeability datp - E-2, E-4

hydrogen permeation through for candidate allo)s up to 5000 psi

working chamber and heat and 150•'7.
exchEnger tubing at high

temperatures. The.mal

shock and thermal fatigue.

Develop coatings that are resistant to E-2, E-4
H2 permeation at 1500*F, coopatible

with substrate alloy and will with-

stand thermal fatigue.

materials No major problems. None. F-1.1, F-6

catalyst. Low-cost, long-life, high- Fundamental utudies of mechanism of - F-2.1, .'-2.3, F-6
activity catalyst system catalytic oxidation of H2, e.g., by

that is resistant to transition netal carbides, 'combined

poisoning by cotzmInants. with niapirical development of

improved H2 oxidation catalysts.

catalyst. Low-cost, long-life, high- Development of low-cost NH, dissoc- RPlates to use oi Nd. In F-2.1. F-2.3, F-6

activity catalyst system. iation catalysts. fuel cells. This work

would probably also relate

to the development of improved

.4M. synthesis catalysts.

:catalyst. Low-cost, long-life, high Development of implaved catalyst. F-.2.2, F-2.3, F-6
activity oxidation catalyst

that fuvors N1 and H2O
oxidation products.
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Table VIIl-1 (Continueu)

MATERIALS RESEARCE DEVELOPI7I AND TZ1 ING XEEDMI) TO SUPFORT THE USE OF NE

Item
No. Equipment Class Fuel Problem Area ype of Solution MAterials Problems Materials R,

7. SPACE AND WATER
HEATING (Con't)

7.5.1 Open flame combus- CO, None. None . None.
tion. Methanol.

7.6.1 Catalytic. combus- CO. Catalytic burners to Improved catalysts. Low-cost, long-life, high- Development of ba
tion. Methanol. operate efficiently at a-tivity catalyst systems.

low teuperatureea for

long times.

-8. FULL CELLS

-8.1.1 Alkaline electro- H./ir Anode catalyst. Catalyst devel'pment. Physical stahility of non- .Aonaoble anode ca
tyte. (or 02). noble anoue catalysts. physicak stabilit

812 Cathode catalyst. Catalyst deviviopment. Corrosion of ttonnolle Nonnablu rathode

cathode catalysts- polarization, lot
anti improved phys

8.1.3 Nobt! metal ratal

activity and stab

catalyst lc~d_.aigs

8.1.4 Electrode structure. )aterla).s dovelopment. Wetting and Inatability of Hydrophrbic polyn
polymer-bonded eloctrtdos materials for "jr

at IOC and :xbovv. 1504C.

8.1.5 Fabricptci, of gas-diflu- Improved corntroll

sion elot:trode structures matorials for rie
with controlled porosity.

8.2.6 Electrolyte matrix. Materials development. Present asbestos matrix can- Low-cost matrix a
not operate above 100 0C. operate at 1509.

8.1 7 Improved ion-excb

8.2.1 Actd electrolyte. H2 /air Cathode catalyst. Catalyst development. Relatively low activity, Improved noble me
(or 0,). high polarization of improved activity

platinum catalyst for 0 stability at low
refuctton in acid

electrolyte.

a.k.2 Low-cotst, nonnobl

with moderate act
stability and cot

8.2.3 Electrolyte matrix. Materials development. Less exptnslve, more robust Improved ion-excl
matrix unterials.

8.3.1 39olten carbonate H./air Anode and cathode Materials development. tack of catalyst stability. Anode and cathode
electrolyte. (or 0,). catalysts. with improved sti
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Table VIII-1 (Continued)

SARCH DEMLOPMENT AND TESTING NEEDED To SUPPORT TIHE USE OF NEW FUELS

f Report Reference

of Solution MateVl'ds Problems Materials R, D, and T Needs Remarka in Vol. 2, Sect. IV

None. None. F-4, F-5, F-6

catalysts. Low-cost, long-life, high- Development of base-metal catalysts. F-4, F-5, F-6

activity catalyst systems.

-t development. Physical stability of non- Nonnoble anode catalyst with improved Relatively Iov cirrosivity G-3.1.1, C,3.1.6,
noble anode cattlys•.s physical stability at 150*C And above, of alkaline elect oiyt, G-3.9.1

permita wide choice of

materials of conitructioi,

". development. Corrosion of nonroble Nonnoble cathode cataly3t with lower i-3.1.3, G-3.1.6,

cathodc catalyss,. polarizntlon, lower corrosion rate G-3.9.1

and improved physical stability.

- hIo ataý catalysts with high G-3.1.2, 0-3.1.6,
activity and stabilit; at lower G-3.9.1

catalyst luaiings.

S development. Wetting and Instability Of hydrophobic polymeric bonding G -3.1.3, G-3.1.6
polyser-bunded electrodes matesidle for service at above G-3.9.2

at 15i C ane above. 150OC.

Fabrication of gas-diffo- impoved controlled-porosity G-3.9.2

sion eloctzde struatures aat-j.ials for eleccrode 3tructntes.
with controlied porm-ity.

5 devvlop•ont. Present ashistoa matrix can- Low-cost m..trix aaterlalr able to -- 3.1.4, G-3.1.6
not operate Lbove 100'C. operate al l5O'C. G-3.9.3

Improved ion-exchange membranes.

devw-lopmen'. Relatively low activity, Improv'.d noble metul catalyms with Acid :cctrolyte limits G-3.2.2, G-3.2.6,
high polarizav1.n of imp-oved activity and physical choice of maturia: of 0-3.9.1

pl&tinum catalyst for 02 stability at low catalyst loadings. construction.

reduc-tion in acid

electrolyte.

Low-cost, nonnoble metal catalysts G-3.2.2, G-3.2.6

with moderate activity, and high '-3.9.1

stability and corrosion resistance.

a development. Lass expensiv-e, more robust l.3rovod ion-exchanget me-a•'ranes. G-7-.2.6, G-3.9.3

matrix materials.

a devaliopment. Lact of cr. ilyst stability. Anode and cathode catalysts golten carbonate cells G-3.3.1, G-3.3.2,
with improved stability, require use of CO, i•dditJon G-3.3.6, 0-3.9.1

to cathode reactant (air).
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TABLE VIII-l (Continued)

MATERIALS RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE USE OF

item 
aetl rbesMtras,No. Equipment Class Fuel Problem Area Type of Solution Materials Problems Materials R,

8. FUEL CELLS (Con't)

6.3.2 Molten carbonate Hl/air Electrode structure. MaterialF development. Need for ceramic structure Ceramics which c;

(Conrt) (or 0.) analogous to hydrophobic of wetting angle
polyuer-bonded systems for

Wr low-temperature cells.

S8.3.3 Electrolyte matrix. Materials development. Thermal cracking of the Ceramic matrix

ceramic electrolyte matrix controlled porosl

tile. resistance to th(

8.4.1 Inorganic solid H./air High operating tem- Materials development 'Jifferential expansion Development of c(

electrolyte. (or 02). perature. and design. between cell components, matching expansic
low conductivity of elec- thin, stable,higt
trolyte, con'act between matrix materials.

matrices anO electrodes

head and gas leakage.

8.4.2 Basic materials Inorganic solid eectroiyte Study of low-tem;
research, operating at lowex tempera- conducting inorgo

tures.

8.5.1 Direct methanol Methanol. Low activity of Catalyst development. Anode catalyst. Higher activity a

fuel cells, methanol electrode.

8.5.2 Cross-over of Materials development. Methanol dissolved in elec- Matrix material
methanol to cathode. trolyte diffuses through to methanol.

matrix.

8.5.3 Air electrode structure Electrode structu
wetted by cross-over can control wetti

methanol.

8.5.4 Catalyst development. Platinum cathode catalyst Selective cathode

also catalyses direct mote oxygen reduc

oxidation of cross-over methanol oxidatlo

methanol.

8.6.1 Indirect methanol Reformed Same as hydrogen fuel

fuel cells, methanol cells.

(1, CO.

8.7.1 Hydrazine iuel Hydrazine. Chemical dscomposltion Catalyst development. Anode catalyst may decompose Selective anode cý
cells, of hydrazine at anode. hydrazine. oxidize hydrogen h)drazine oxidati,

formed, cause NH, evolution. position, or the 4

--8.7.2 Cross-over of hydra- Materials development. Hydrazine dissolved in elec- Matrix material (C

zine to cathode. trolyte diffuses through to hydrazine.

matrix.
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"• ~TABLE VII-1 (Continued)

SARCH DEVELORPMENT AND TESTING NEEDED TO SUPPORT THE USE OF NIV FUELS

Report Reference
Solution Materials Problems Materials R, D and T Needs Remarks in Vol. 2, Sect. IV

development. Need for ceramic structure Ceramics which can provide control G-3.3.3, G-3.9.3
Sanalogous to hydrophobic of wetting angle in molten carbonate.

• polymer-bonded bystems for

low-temperature cells.

development. Thermal cracking of the Ceramic matrix materials with 6-3.3.4, 6-3.9.3
ceramic electrolyte matrix controlled porosity and improved

tile. resistance to thermal cycling.

development Differential expansion Development of cell materials with Operating range 7000 to G-3.4, G-3.4.4
between cell components, matching expansions, development of I00&C.

low conductivity of elec- thin, stable high-conductivity
trolyte, contact between matrix materials.
matrices and electrodes

head and gas leakage.

erials Inorganic solid electrolyte Study of low-temperature, ion- Breakthrough analogous to G-3.4.3, G-3.4.4

operating at lower tempera- conducting inorganic solids, discovery of 5-alumina
tures. needed.

development. Anode catalyst. Higher activity anode catalyst. G-3.5, G-3.5.1

development. Methanol dissolved in elec- Matrix material (separator) impervious G-3.5, G-3.5.1
trolyte diffuses through to methanol.

matrix.

Air electrode structure Electrode structure materials that G-3.5, G-3.5.1
wetted by cross-over can control wetting angle.

methanol.

development. Platinum cathode catalyst Selective cathode catalysts that pro- G-3.5, G-3.5.1
also catalyses direct mote oxygen reduction but not

oxidation of cross-over methanol oxidation.

methanol.

Reformed methanol can be used G-3.5
in acidic, molten carbonate
or solid electrolyte fuel cells.

development. Anode catalyst may decompose Selective anode catalyst that promotes - 6-3.6, G-3.9
hydrazine, oxidize hydrogen h~drazine oxidation but not its decom-
formed, cause NH3 evolution, position, or the oxidation of hydrogen.

development. Hydrazine dissolved in elec- Matrix material (separator) impervious Equivalent to Item 8.5.2. G-3.6, G-3.9
trolyte diffuses through to hydrazine.

matrix.
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Table VIII-1 (Continued)

MATERIALS RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE USE OF N1

SItem
-No. Equipment Class Fuel Problem Area Type of Solution Materials Problems Materi.'s R, D,

8. FUE.. CELLS (Concluded)

8.7.3 Hydrazine fuel Hydrazine Hydrazine cross-over. Catalyst development. Cathode catalyst catalyses Selective cathode
cells. (Con't) uecomposition or oxidation motes oxygen reduc

of cross-over hydrazin,. zinc decomposl'ion

8.8.1 Direct NH3  NH3 Anode. Catalyst researeh. Anode activity decreares Basic studies to d

cells. with time. declive in anode a

8.9.1 indirect NH3 fuel NH, Same as hydrogen fael -
cells. (dissoci- calls.

ated to N,

and HI).

8.10.1 Regenerative fuel H2/02 Variations of electrode Catalyst development. Decreased catalyst life. !;Icctrocatalysts t
ells. potential as cell oper- to potential cycli

ation is reversed.

8.10.2 Electrode structure Dual finction electride Electrode structux
development, structures. ti-ct catalysts.

8.10.3 Dual electrode structures. Two electrode stru

appropriate cataly

8.11.1 Fuel cells-- Various Polymeric materials for Design; materials and Polyneric materials with Polymeric matcrial
general. electrical insulators fabrication develop- long-term, high-tempera.- testing.

and seals for service Mont. ture stability ab e
above 150*C. 150'C.

c8.11.
2  

Reactant supply Ma,jrials selection. H2, NH3 ,hydrazine environ- See item headings
systems. ments.

8.11.3 '1.,eory of electro- Basic electrocatalysis. %lechanism of electro- Studies of effects
catalyst behavior, catalysis, electrolytes, and

on oluctrocatalyst,

face.

8.11.4 Electrocatalyst Measurements of single Empirical selection of Determination of d.
screening, electrode character- electrocatalysts, materials.

i stics.

19. HIGH ENERGrY DENSITY
BATTERIES

9.1.1 Aqueous, electric- Zn Zn electrode. Design and engineering; Shape change (dondrito Studies of raechani•
ally rechargeable, basic research. growth) ol Zn electric. growth.

Zn/air, Zn/O.

9.1.2 Air electrode; poor Catalyst dovei-pment, High catalyst loadings Dual function or tv
charge/discharge cycle electrode design. required, catalysts for oxyg(

efficiency, oxygen reduction.

VIII-ll



Table VIlI-I (Continued)

MS RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE USE C •EW FUELS

Report Reference
of Solution Materials Problems Materials R, D, and T Needs Remarks in Vol. 2, Sect. I

lyst develepment. Cathode catalyst catalyses Selective cat Jde catalysts that pro- - G-3.6, G-3.9
decomposition or oxidation motes oxygen reduction but not hydra-
of cross-over hydrazine. zinc decomposition or oxidation.

lyst research. Anode activity decreases Basic studies to determine cause of B-3.7

with time. decline in anode activity.

Can be used in all H2 fuel G-3.7

cell types including

alkaline.

lyst development, Decreased catalyst life. Electrocatalysts that are insensitive - G-3.8, G-3.9
to potentidl cycling.

trode structure Dual function electrode Electrode structures with two dis- - G-3.8, G-3.9

elopment. structures. tinct catalysts.

Dual electrode structures. Two electrode structures each with - G-3.8, G-3.9

appropriate catalyaLs.

_ign; materials and Polymeric materials %ith Polymeric materials development and Will probably be satisfied G-3.9.4

rication develop- long-term, high-tempera- testing, by improved commercial
t. ture stability above products.

150°C.

•ials selection. IL', NH13,hydrazine environ- See item headings I through 7. Requirements common to other G-3.9.4

ments. uses of new fuels.

Ic electrocatalysis. Mechanism of electro- Studies of effects of reactants, G-3.9.4

catalysis. electrolytes, and applied potential
on electrocatalyst/electrolyte inter-

face.

urements of single Empirical selection of Determination of data for candidate G-3.9.4

trode character- electrocatalysts. materials.

lcs.

gmn and engineering; Shape change (dendrite Studies of mechanism of dendrite Future of this battery H-3.1.1, H-3.1.3

_Ic research, growth) of Zn electrode, growth. depends on solving Zn
electrode problem.

lyst development, High catalyst loadings Dual function or two separate H-3.1.3

trode design. required. catalysts for oxygen evolution and
oxygen reduction.
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Table VIII-1 (Continued)

MATERIALS RESEARCH JZVELOP5,ENT AND TESTING NEEDED TO SUPPOIr THE USE OF

Item
Eo. Equipment Class Fuol Problem Area Type of Solution Matorials Problem Mterials R,

9. HIGH ENERGY DENSITY
BATTERIES (Continued)

9.2.1 Aqueous, mechanic- Zn Elerctrolyte leakage. Improved design, seal Seal materials. Support to engij

ally rechargeable, materials.

Zn/air.

9.3.1 Aqueous, Zn/NI. Zn Zn electrode. See Item 9.1.1. See Item 9.1.1. See Item 9.1.1.

9.4.1 Aqueous Zn/Cli. Zn Zn electrode. See Item 9.1.1. See Item 9.1.1. See Item 9.1.1.

9.4.2 Cl. electrode. Materials development. Polarization of Cl olec- More active Cl2
trode.

9.5.1 Aqueous Li/Ni. Li LL electrode; shelf Materials development, Li corrosion reacticn in Alloying of Li
life. corrosion research. the absence )f external to limit Li cor

current flow.

9.5.2 H2 evolved, must be Materials selection. H2 environment effects. None.

vented.

9.6.1 Aprotic solvent Li Li Li electrode; low Electrochemical Eloctrode/electrolyte Support to elec

batteries, power density, shelf studies, battery Interactions. studies.

life, slow start-up design.
due to electronic

passivation.

9.7.1 Molten salt, Li Li electrode. Electrode material Dissolution and migration Development of
high temperature, development. of lithium. maximum cell vo

Li/Cl2 battery.

9.7.2 Cl2 electrode; low Electrode and elec- Electrode and electrolyte Support for ele
current capacity. trolyte development. materials. development stu

9.7.3 Materials of construc- Matprials development Attack of materials by Ceramics and co

tion. and se~ection. molten Li. molten Li.

9.7.4 Corrosion by molten alkali- Alloys and coat

halide electrolyte, molten halides.

9.7.5 Electrical feed-throughs. Containment mat

brazing alloys

coefficients.

9.7.6 Containment of high tem- Alloys and coat

perature C12 gas, Cl 2 gas.

9.8.1 Li/S molten salt, Li Sulfur electrode. Materials development Attack of sulfur on Materials compa
battery, and selection. mao.erals of construction, electrode mater

VIII-12



Table ViI-l (Continued)

RESEARCH '1EVELOWPM'T AND TESTING NEEDED TO SUPPORT THE USE OF NOW FUELS

Rteport Reference
of Solution Materials Problem Materials Rl, D, and T Needs RemarKs in Vol. 2, Sect. 1

ved design, seal Seal materials, Support to engineering development. H-3.1.1

rials.

Item 9.1.1. See Item 9.1.1. See Item 9.1.1. Ellectrically rechargeable. H1-3.1.4

iItem 9.1.1. See Item 9.1.1. See Item 9.1.1. Elactrically rechargeable. H-3.1.5

:ials development. Polarization of C! 2 elec- More active Cl. electrode substrate. Would improve power density. 11-3.1.5
trode.

*ials devel,3pment, LI corrosion reaction in Alloying of Li or use of inhibitors Primary or mechanically H-3.1.6
sion research. the absence of external to limit Li corrosion. rechargeable battery.

current flow.

als selection. 112 environment effects. None. H-3.1.6

rochomical Llectrode/electrolyte Support to electrochemical and design No H2 evolved. Can be H-3.1
es, battery interactions, studies. sealed for use as primary

battery.

rode material Dissolution ana migration Development of solid Li alloys giving Operates from 350' to 650C H-3.3.1

opment. of lithium, maximum cell voltage, depending on electrolyte
composition.

e and elec- Electrode and electrolyte Support for electrode and electrolyte - H-3.3.1
development. materials, development studies.

als development Attack of =%terials by Ceramics and coatings resistant to - 11-3.3.1
lection. molten Lt. molten Lt.

Corrosion by mol
t
on alkali- Alloys and coatings resistant to - H-3.3.1

halide electrolyte, molten halides.

Electrical feed-throughs. Containment materials, insulators and - H-3.3.1
brazing alloys with matching expansion

coefficients.

Containment of high tem- Alloys nnd coatings resistant to hot - H-3.3.1
perature Cl. gas. C12 gas.

als development Attack of sulfur on Ma.terials compatibility testing or Operates at 375* to 4OO*C. H-3.3.1
lection. materials of construction, electrode materials modification.
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Table VIII-l (Conclude-)

MATERIALS RESEAROI DEVELOPPYNT AND TESTING N£eMFM r3 SUPPORT THE USE O•

Item
No. Equipment Class Fuel Problem Aroa Type of Solution Materiale Problem Mcterials R,

9. HIGH ENERGY DENSITY
BAITERIES (Concluded)

9.9.1 Molten salt, Al M[aterials of construc- Uxterials selection. None. None.

low-tem.perature tion.
Al/Cl, battery.

9.10.1 Solid electroiyte Na 5-alwaina electrolyte. Materials research; Improved Na-ion coiduc- Modification and
Na/S battery. ceramic prccessing tivity, resistance to allumina composit

ievelopment. intergranular attack,
to thermil cracking and
mechanical strengi h.

9.10.2 eInestigation of

conductors.

9.11.1 General. Various. Materials of construc- Battery design aad Materials compatibility Supporting mater
tion. development, materials with electrodes and elec- devolorment stud

development and sele,.- trolytes; seals, feed- battery P, &). an
tion. throughs, insulatora, etc.

9.11.2 Solid electrolytes. Materials research and Improved solid electrolytes Search for new 1
development, and cation/anion erchange ducting solids.

memabranes.
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TabiO) VIII-I (Concluded)

H DEVkoIOLNT .AND TESTING NEEDED TO SUPPORT THE USE OF SEW FUELS

Report Reference
lution aterials Prou'le, Materials R, D. and T Needs Remarks in Vnl. 2, Sect. IV

S•lectioll. None. Noite. Operates at 60 to 150C. H-3.3.2

&e-arch; lrproved N&-4on conduc- Modification and optimization of 5- Operates at abuut 300C. H-3.4

ess-ng tivity, resistance to atumina composition.

lt. intergranular attack,
to therikal cracking antd

Pechanical strength.

Xnvestigation if alternative Na-ion - H-3.4

,onductors.

Ign and .la-ertals compatibility Supporting materials engineering and - R-3.1
t, materials wit, electrodes anI elec- development studies as part of

t and selec- tro yter; seals, feed- battery R, D, 2nd T programs.

ti, oughs. insulators, etc.

•research and Ioproved solid electrolytes Search for new low-temperature ion-con- - H-3.5

St. and cation/aniqn exchange ducting solids.

membran:es.
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i- Table VIII-2

R
•- ~MATERIALS RESEARCH DE.VELOWIENT AND TESTING NEEDED To SUPPORT THE PRODUC-,

item Fuel

No. Process Produced Problem Area Type of Solution AN Mterials Problem P:aterirl

1. CO.WrNTION•AL

ELECTROLYZERS

1 1.l Unipolar tank type. H2(O2) Efficiency :'d cost. Advanced electrolyzers. No major problems. None.

1.2.1 Bipolar, filter H2(02) Efficiency and cost. Advanced electrolyzers. No major problems. None.
press type.

2. ADVANICED

ELEC•ROLYZF.RS

• 2.1.1 Alkaline H,(O2) Higher temperature Materials development. Corrosion of positive Materials %it

electrolyte, operation to increase (oxygen) electrode, superior to n

2.1.2 efficiency. Present diaphragm material Higher temper

(asbestos) limited to lO0C (2000C desira

S2.1.3 Present frame materials Higher temper

(polysulphones) limited to materials, an

150
0

C.

2.1.4 Reduction of over- Materials development Relatively low conductivity High-conducti

potentials, and design. and bulky diaphragm higher temper

materials, diaphragm (ma

S2.1.5 Effective area of elec- High effectiv

trodes. mater'-als.

2.1.6 Catalyst development. Electrode activity. Improved nonn
catalysts.

2.2.1
2.2.1 Solid polymer n2 1(O,) SPE membrane. Materials research and Present SPE membrane is Development o

electrolyte, development, expensive, temperature perature SPE

limited 1125'C) and some- (anion or cat

what lacking in mechanical improved mech

and chemical stability. bility.

2.2.2 Electrodes. Catalyst development. High loadings of noble metal Nonnoble meta

catalysts.

2.2.3 Engineering and Electrode/membrane contact Support for e
materials development, resistance.

2.3.1 Inorganic solid H,(O,) Very high operating Materials R and D. Solid inorganic electrolyte Basic studies
electrolyte, temperature (O100C). membranes with good ionic erties of cer

conductivity below 400'C.

2.3.2 Materials and engi- Materials and engi- Materials of construction. Materials wor
neering development. neering development, neering devel
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Table VIII-2

EARCH DEVELOPMENT AND TESTING NLEDED TO SUPPORT THE PRODUCTION OF NEx FUELS

Report References

of Solution Materials Problem Materials R, D. and T Needs Remarks in Vol. 2, Sect. V

electrolyzers. No major problems. None. Ebtablished technology. A-2.1.1

ed electrolyzers. No major problems. None. Established technology. A-2.1.2

als development. Corrosion of positive Materials with corrosion resistance Nickel is now used. A-2.2.1, A-4
(oxygen) electrode, superior to nickel.

Present dlaphrggm material Higher temperature diaphragm materials - A-2.2.1, A-4

(asbestos) limited to OO*C (2000C desirable).

Present frame materials Higher temperature, low-cost frame - A-2.2.1, A-4

(polysulphones) limited to mpterials, and methods of fabrication.

150lC.

als development Relatively lo( conductivity HLgh-conductivity, compact, (and Less bulky diaphragm sould A-2.2.1, A-4

uign. and bulky diaphragm higher temperatures - Item 2.1.2) permit closer electrode

materials, diaphragm (matrix) materials, spacing and less voltage drop

in th.ý electrolyte.

Effective area of elec- High effective surface area electrode - A-2.2.1, A-4

trodes, materials.

yat development. Electrode activity. Improved nonnoble, low-cost electro- Ni and Fe electrode materials A-2.2.1, ?-4

catalysts, now used are moderately

effective.

als research and Present SPE membrane is Development of low-cost, higher to=- - A-2.2.2, 4-4

pment. expensive, temperature perature SiPE membranes with high ionic

limited (125°C) and some- (anion or cation) conductivity and
whut locking in mechanical improved mechanical and chemical sta-

and chemical stability. bility.

yst development. High loadings of noble metal Nonnoble metal catalysts. Noble metal catalysts A-2.2.2, A-4

catalysts. probahly acceptable for DoD

uses, but probably not for

large-scale industrial use.

ring and Electrode/membrane contact Support for engineering development. A-2.2.2, A-4

als development, resistance.

als P and D. Solid inorganic electrolyte Basic studies of ion-conducting prop- High-temperature electro- A-2.2.3, A-4

membranes with good ionic erties of ceramics. lyzers have limited actual
conductivity below 400'C. thermal efficiencies.

als and engi- Materials of construction. Materials work in support of engi- Problems similar to those ot A-2.2.3

development. neering development, high-temperature fuel cells

(Item 8.4.1 in Table VIllI-).
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Table VIII-2 (Continued)

MATFJ.IALS RESEARCE DEVVOPMEN1T A.D TESTING NEEDED TO SUPPORT THE PR D

Item Fuel

No. Process Produced Problem Area Type of Solution Materials Problem Mater.

2. ADVAN4CED ELECTROLYZERS

(Concluded)

2.4.1 Acid electrolyte. H2 (0_) Oxygen electrjde. Materials 3election. Corrosion of oxygen elec- Materials se:

trode materials and associ- operational

ated conductors.

2.5.1 General. H" (02) Materials resources Technoeconomic analysis - None.
availability, of materials supply

needs for competing
electrolyzer tech-

nologies.

2.5.2 Materials of construc- Materials selection. H2 environment and 02 Materials te:
tion, auxilliary equip- environment effects. electrolyzer

ment. of temperatui

3. THEMAOCHEMICAL
SPLITrING

3.1.1 Several multistep H2 (02) Materials of construc- Materials development Ifigh-temperaturo corrosion Materials anc

cycles (all are now tion. and selection; engi- of metallic and ceramic possible neec

at a conceptual neering design and materials in halogens, materials an'

stage), development, halides, metal oxides,

Iliuid metal, hydrogen,

oxygen, stoam.

4. HYDROGEN LIQUE-

FACTIO__

4.1.1 Compression lique- Liquid H2  Compressor development. Engineering design and Materials for use as H 2-resistant,
faction of 2 gas. development; materials cylinder liners, pistons, weight matezi

develo'• nt and selec- piston rings, seals,

tion. bearings, turbine blading
in advanced compressors

at ambient and cryogenic

temperatures in "12

environment.

4.1.2 Low friction

binations fci

4.1.3 Seal materizl•

lo'- cxpansior
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Table VIII-2 (Continued)

DEVELOPMEW AIM TESTING N.WED TO SUPORT TRE PIt•.DUCrION OF NEW FUELS

Report Reference
ution Materials Pr~klem Materials R, D, and T Needs Remarks in Vol. 2, Sect. V

tion. Corrosion of oxygen elec- Materials selection and small-scale Acid electrolytes reject CO2  A-2.2.4
trode materials and associ- operationa. testing. and are of interest for use
uted conductors, in life support systems.

analysis - None. Essential background for A-4
-pply policy decil 'oo,ts.

ting
•h-

tion. H2 environment and 02 tfaterialq testing under Information required w!ll be A-4
environment effects. electrolyzer operating conditions provided by work relating

of temperature and pressure. to Section IV of this report.
(See Table VIII-I.)

lopment High-teaperature corrosion Materials and component testing; Sprcific programs can be B-1, B-2: B-3,
; engi- of metallic and ceramic possible need for corrosion-resistain planned when further B-4

and saterials in halogens, aatcrials and coatings development. feasibility studies have been
halides, metal oxides, made ,.nd prototype process
liquid metal, hydrogen, eycles have been selected.
oxygen, steam.

Ign and Materials for use as H 2-resistant, high-strength light- Materials 4uppn:t for engi- C
terials cylinder liners, pistons, weight materials. neering dcv, opmcnt.
selec- ptAton rings, seals,

bearings, turbine binding
in advanced compressors

at ambient and cryogenic
temperatures in It,

environment.

Low friction and wear materials Com- C
binations for service in H2.

Seal materials, bearing materials, C
low-expansion illoys.
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Table VIII-2 (Continued)

MATZRIALS RZEAP.d DEVELOPIENT AND TESTING N223DED TO SUPPORT. n.

Item Fuel
No. Process P Produced Problem Area Type of Solution Materials Problem Ma

5. AMMONIA PRODUCT ION

5.1.1 Modified lHaber NK3 Pressure vessels. Materials selection Effects of long time expo- Probably
Process. and design. wure of pressure vessel

materials to high pressure

H,2 N2 , 1,0 at moderate
temperatures.

5.1.2 Improved on-site and in- Probably
service nondestructive

testing techniques.

5.1.3 Alternative designs Aaterials for very large Deve~opam
anid materials, e.g. pressure vessels. reinforci

metal lined, pre- material:
stressed or fiber

reinforced cements

or concrete vessels.

5.1.4 Ancillary equipment, Materials selection. H, environment effects. Material:
compressors. high prei

5.1.5 N93 condensation and Materials research; Stress corrosion cracking 24ateriali
storage, materials selection. af quenched and tempered mechanist

steels in liquid ammonia. of SCC ij

testing4

materiali

6. HYDRAZINE
PRODUGq'I~

6.1.1 Modified Raschig Hydrazine Possible probl'ems in Materials selection; None at
process. nca!.d-up proauction. engineering.

7. PRODUCTION OF
BORANES AND
SILANES

7.1.1 Vvr:tus soitll- Boranzs and l•--Lible problems in Materials selection; - None at I

scale methods. allanms scaled-up production, engineering.
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Table VIII-2 (Continued)

DIVELOPF T AND TESTING NE:0DED TO SUPPORT THE PRODUCTION OF NEW FUELS

Report Reference

[of Solution- Material Problem Materials R. D, and T Needs Remarks in Vol. 2, Sect. V

Jelection Effects of long time expo- Probably no special programs required. Necessary test data will be D-1.1.1

sure of pressure vessel collected from related
Smaterials to high pressure industrial experience and

_H2, N2 , NH, at moderate test programs.

I temperatures.

Improved on-site and in- Probably no special programs required. Appropriate NYIT and E D-1.1.1

service nondestructive techniques will be developed
testing techniques. for nuclear power plants.

_ designs Materials for very large Development and testing of fiber- Likely to be of broad general D-1.1.1

"als, e. g. pressure vessels, reinforced cement and concrete application.

pre materials and structutes.

or fiber
cements
"vessels.

ýselection. H2 environment effects. Materials and component testing in Would profit from advanced D-1.1.2

high pressure H2. compressor development.

Items 4.1.1, 4.1.2, 4.1.3.

research; Stress corrosion cracking Matarials research to establish See Volume 1, Section Il-D-1, D-1.1.2
-selection. of quenched and tempered mechanism and limiting conditions same as Item 1.5.1 in Table

steels in liquid ammonia, of SCC in liquid ammonia and VIII-l.
testing of candiate SCC-resistant

materials.

-election; - None at this time. Reexamine if large-scale D-2

production becomes likely.

election; - None at this time. Reexamine if large-scale D-2
"production becomes likely.
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Table VIII-2 (Concluded)

MATZRIALS RESEARCH "EVELOPMENT AND TESTING QWED TO SUPPORT THE PRO

Item Fuel
No. Process Produced Problem Area Type of Solution Materials Problem Mote:

8. PARTIALLY
OXYGENATED FUELS

8.1.1 H2 production. H2 inter- See Items 1, 2, and 3. See Items 1, 2, and 3. See Items 1, 2, and 3. See Items 1
mediate

8.2.1 002 production CO2 inter- Advances in compressor Engineering design and None. None.
from the air. mediate and CO2 adsorption development. Process

methods, development.

8.2.2 C02 production from C02 inter- Mining and materials Engineering and Low-cost materials with Probably not
limestone, mediate handling (nuclear materials development, high abrasion repistance.

reactor problems

excluded).

8.3.1 Co productlon. CO No existing production Process development; Effective, long-life Catalyst dei
process. catalyst'selection, catalyst.

8.4.1 Methanol production. Methanol None. None.

8.5.1 Methanol production Methanol Conceptual process. Process development; Electrocatalyst research Development
(electrolytic). catalyst development, and development, methanol ele
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Table VI:.I-2 (Concludid)

k3VELOP~iqNT MAND TESTI.M IIREDED TO SUPPORT rHE PRODUCTION OF YSw FU=

Report Reference
4olation Materials Problem Materials R, D, and T Needs Remarks in Vol. 2 Sect. V

2, and 3. See Items 1, 2, and 3. See Items 1, 2, and 3. H2 required for production E, A, B,
uf CO and nethanol.

resign and None. '*---. CO2 required for production E-1
FProcess of CO2 %nd methanol.

Low-cost materials with Probably none required. Calcination using nuclear 9-2
M1opment. high abrasion resistance. heat. Improved, low-cost

abrasiLn-resistant
Snaterials plovided by
industry development,

Upment; Effective, long-life Catalyst development. Reversed shift reaction. E-3
Ption. catalyst.

- Nc ne. Existing technology E-4.1

ko"Oent; Electrocatalyst research Develupment of electrocatalysts for Mat :1als of construction E-4.2
•opment. and development, methanol electrode. of plant similar to Item 2.1.

I
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TABLE VIII-3
MATERIALS RESEARCH DEVELOPMENT AND TESTING

NEEDED TO SUPPORT THE TRANSPORTATION OF NEW FUELS
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Table VIII-3

MATERIALS RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE TRANSPORT,

Item Mode of
'No. Transportation Fuel Problem Area Type of Solution Materials Problem Mater

1I. EXISTING PIPELINES

1.1.1 H2 pipelines. H2 gas. Acceptability of exist- Materials testing. H2 environment effects over Long-term

ing pipelines for 12 long times on mechanical line mater

transmission and dis- properties of material and hydrogen a
tribution. welds of existing pipelines, minor quan

and illumi
from -60'

unnotched

touilhness,

static lea

1.1.2 Full-scale pipe Hl. environment effects over Full-scale
testing. long times on service and used p

behavior of existing pipe- taminated

lines. tures and

tuatinp) c

service an

1.1.3 Basic research. Role of surfaces in adsorp- Study of e
tion and dissociation of 112. sulfide, a

on mechani

1.2.1 NH3 pipelines. NH3 liquid. Acceptability of Materials testing. Stress corrosion cracking Long-tern
existing pipelines for of steels in liquid NH3 . new and us
transmission and dis- in NIl 3 as
tribution of NHa. structure

stress, no

and XH, pr

1.2.2 Full-scale pipe Stress corrosion cracking Full-scale
testing, of steels in liquid NH,. pipelines

NH, envirc

pressures

service an

1.2.3 Basic research. Stress corrosion cracking Studies tc
of steels in liquid NH3 . problem of

liquid Nil,

1.3.1 CO pipelines. CO Acceptability of Materials testing. Possible environmental Long-terr
existing pipelines for effects of CO at high line steel
transmission and dis- pressures for long times deteriorat
tribution of CO. on pipeline materials. properties

contaminat

1.4.1 Minthanol pipelines. Methanol. None. None. None.

2. NEW PIPELINES

2.1.1 H2 pipelines, 11 gas. Acceptability of new Materials testing and 16 environment effects over Long-term
metallic pipeline selection, long times on higher line steel
materials and instal- Etrength pipeline steels. H2 contaml

lations for H2 service, of 02, H2(
Test data

160'F on r

strength.
failure uv

fatigue.
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Table VIII-3

_IIOPiRENT AND TESTING NEEDED TO SUPPORT THE TRANSPORTATION OF N.W FUELS

Report Reference
Solution Materials Problem Materials R, D, and T Needs Remarks Vol. 2, Sect. VI

.sting. H, environment effects over Long-term testing of ,iew and used pipe- This data, together with that A-4, A-6
long times on mechanical line materials and welds .n pure from Item 1.1.2 will permit

properties of material and hydrogen and hydrogen contaminated %ith drafting of specifications
welds of existing pipelines, minor quantities of 02, 1 2 0,odorants covering safe operation of

and illuminants. Test data required existing pipelines with H2

from -60* to + 160*F on notched and gas.

unnotched tensile strength, fracture

toughness, delayed failure under
static load and low cycle fatigue.

pipe H2 environment effects over Full-scale testing of sections of neu A-4, A-6
long times on service and used pipelines in pure and con-

behavior of existing pipe- tamxnated .4, environments at tempera-

lIacs., tures and pressures (steady and fluc-

tuating) corresponding to most severe
service and line tebt conditions.

h. Role of surfaces in adsorp- Study of effects of surface oxide, A-4, A-6
tion and dissociation of H2. sulfide, and other contaminant films

on mechanisms of it entry into metals.

Stress corrosion cracking Long-term delayed failure tests of Problem espe:ially relevant D-1.1
of steels in liquid NH3 . new and used pipeline steels and welds to higher strength pipelines.

in NH3 as a functi-n of contaminants, Data produced also relevant
structure and yield strength of steel, to Items 2.3.1, 4.2.1 and

stress, notches, flaws, temperature ,1.2.2
and N1, presbure.

pipe Stress corrosion cracking Full-scale testing of new and used - D-1.
of steels in liquid NW.. pipelines in pure and contaminated

NH3 environments at temperatures and
pressures corresponding to most severe

service and line-test conditions.

.h. Stress corrosion cracking Studies to define the limits of the - D-I.1

of steels in liquid N1!1. problem of the SCC of steels in

liquid NH3.

testing. Possible environmental Long-term tests of new and used pipe- - S-I
effects o! CO at high line steols to establish if any

pressures for long times deterioration of their mechanical

on pipeline materials, properties can occur in pure or

contaminated CO Rt high pressures.

None. None. E-2

testing and H2 environment effects over Long-term testing of candidate pipe- Extension of programs under A-5.1. A-5.3,

long times on higher line steels and welds in pure H2 and Items 1.1.1 to higher strength A-6

strength pipeline steels. it, contaminated with minor quantities candidate pipeline steels.
of 03, H20, odorants and illuminants.

rest data required from -60*F to -

160'F on notched and unnotched tensile

strength, fracture toughness, delayed
failure under static load and low cycle

fatigue.
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Table VII -3 (Continued)

MATERIALS RESEARCWi LEVELOPMENT AND TESTING NEEDED TO SUPPORT THE TRANSP

Item Mode of

No. Transportation Fuel Problem Area Type of Solution Materials Problem %LtC

2. NEW PIPELINES (Cont.),

2.1.2 H2 pipelines. H2 gas. Protection of pipeline labrication develop- Fabrication and assembly of keasibili

(Continued) materials from H2 envi- ment. vented-lin:ng type pipe. lining ty

ronments. assembly.

2.1.3 Materials development , Development and application Determine
fabrication develop- of coatings with low IL steels cc

Ifent, permeability. Ctc. I1v
mechanica

after oxy

2.1.4 Nonmetallic pipeline Materials selelction Long-term mechanxcul Investigi
materials, behavior of plastics and polymers

composites in high pressure ments alt
H21 1120, and saline envir- presfure

onments. ments.

2.1.5 Fabrication develop- Costly, slo* fabrication. Develop I

ment. Materials selection, methods.

2.2.1 Cryogenic 12 pipe- PI liquid. Piping systems for Design and materials laterials selection. Matorials

lines, cryogenic transmis- engineering. neering d
siOn service.

2.2.2 The "Energy Pipe." Engineering and system Materials availability and Supportin

design. economics. of techni

2.2.3 Materials research avnd Improved superconducting Not spedi

development, alloys and composites.

2.3.1 NH, pipelines. Ni3 liquid. Acceptability of new Materials research and Stress cGrrosion cracking Long-term

metallic pipeline testing. Gf steeli. in liquid %f.. candidate

materials for trans- welds, as

mission and distri-

bution of N1l.

2.4.1 02 pipelines. By-product Safe, large-scale, Materials qualifica- Long-term compatibility of iletermina

02 gas. economic pipeline tion low-cost materials of con- pipeline

transmission and dis- struction with 02 at high pipe conl

tribution of 02. pressures.

2.4.2. Materials research. Lack of fundamental Studies o

knowledge concerning effects sure of m

of long-term exposure to and conta

high pressure 02 on nechan- mechanica

ical behavior of metals. dition.

2.4.3 Engineering and system - Supportin

design; hazard analysis, aspects 0

economic analysis economic

2.5.1 Cryogenic 02 y-product Safe distribution of Materials selection Compatibility of metals ant! None.

pipelines. 03 liquid, liquid 02 by pipeline, polymers with liquid ...
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FF
STable VIII-., (Continued)

PLOPMENT AN)D TESTING NEEDED TO SUPPORT TIHE TIRANSPOI•TATION OF NSi FUELS

Report Reference
blution Mat •rials Problem \laterials It. D. and T Needs Remarks Vol. 2, Sect. VI

evelop- Fabrication and assembly of Feasibility study of low-cost vented- - A-5.1, A-5.3, A-6

Sv-nted-linlng type pipe. lining type pipe and mwthods of
assambly.

Mlopment, Development and applicaion Determine rate of entr) vf 112 into Exploratory study only. A-5.1, A-5.3, A-F

"•velop- of coatings with low 11, steels coated wit' Cd, Pb, Sn, glasses,

permeability. etc. Investigate deterioration of
mechanical properties of coated samples

after exposure to R2.

61ction Long-term mechanical Investigate mechanical properties of H. as internal pipe environ- A-5.2, A-5.3,

behavior of plastics and polymers and glass fiber reinforce- ment; H20, saline as external
composites in high pressure ments alter long term exposure to high pipeline environment.

1i,. H.0, ano saline envir- pressure IL, 1L.O, and saline environ-
onments. ments.

1avelop- Costly, slow fabrication. Develop lon-cost, rapid fabrication - A-5.2

S Materials selection, methods.

V_"ririals Materials selection. Materialb testing to support engi- Short-distance pipelines only. B-1

neering development. Some scale-up of state-of-the-

art technology.

mud system Materials availability and Supporting btudies of materials aspects Concept development Aill B-5, B-6
economics. of technical and economic feasibility, require cooparation betseen

groups concerned with hydrogen
fuel and groups concerned with

electric poser distribution.

•arch and Improved superconducting Not specifically identified. B-5

L alloys and composites.

:arch and Stress corrosion cracking Long-term dela)ed failure tests of See Item 1.2.1 Data also D-1.1
of steels in liquid Nil.. candidate new pipeline steels and relevant to Items 4.2.1 and

Aelds, as for Item 1.2.1. 4.2.2.

fi1ca- Long-term compatibility of Determination of ignitioi, hazards for Large-scale 0. pipeline F.

low-cost materials of con- pipeline steels in actual or simulated system might be important
struction with 0, at high pipe configLrations. aspect of overall hydrogen
pressures. economy.

rch. Lack of fundamental Studies of effects of long-term expo- - F.

- knowledge concerning effects sure of metals to hig:i-pressare, pure
of long-term exposure to and contaminated 0, on their

S high pressure 0, on mchan- mechanical behavior and surface con-

ical behavior of metals. dition.

system - Supporting studies of materials F.
analysis, aspects of engineering, hazard, and

Sysis economic evaluations.

tion Compatibility of metals and None. State-of-the-art technology. F.

polymers with liquid 0. Only short distance pipelines

liKely.
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Table VIII-3 (Concluded)

MATERIALS RESEARCH DEVELOPMENT AND TESTING NEEDED TO SUPPORT THE TRANSPOR'

Item Mode of
No. Transportation Fuel Problem Area Type of Solution Materials Problem Hate:

3. PRESSURE VESSELS

3.1.1 High pressure H12 H2 gas. Higher operating pres- Establishment of safe Effects of H2 environment- Determine
vessels. sures. operating practices. on candidate pressure and low-c'

Limitation of permis- vessel materials, candidate
Aible H2 pressures. taminated

pressure.

4. SURFACE AND AIR

TRANSPORTATION

4.1.1 Barge, railroad car, H2 liquid. H2 losses; cost. FEigineering design and Improved insulation. None.
tank truck, development. Materials

development.

4.2.1 Various surface. NH., liquid. Tank materials. Mateiitls research; Stress-corrosion cracking Materials

materials selection, of quenched -ind tempered mechanism
steels in liquid NH3.

4.2.2 Testing oý
materials

4.3.1 Various surface. Hydrazine. Tank materials. Materials selection. Corrosion of container None.
materials.

4.3.2 Catalytic decomposition None.
of N2 H4 by container
materials.

4.4.1 Various surface. Methanol. None. None. None.

4.5.1 Ocean tanker. H2 liquid. Tanker design (liquid Engineering design. None. None.
12 tanks not considered
a problem area).

4.6.1 Air tanker. H2 liquid. Aircraft design opti- Engineering design. - None.
mization.

4.6.2 L quid H. tanks. Materials selection High strength, high stiff- Determine

and design optimiza- ness, light weight, lo% propertieE
tLion. thermal conductivity and for candic

low thermal expansion at -423*l.
materials desirable.

4.7.1 Transfer and H. liquid. Heat leaks due to Engineering design; Low thermal flux tubing. Materials
delivery systems penetration of tank materials develop- support f(
for use with sur- walls by transfer ment. programs.
face and air vent lines.

tankers.

4.8.1 Transtortation of H1 gas. Containment vessels. Materials selection. H, environment effects on None.
hydrogen as metal contniner materials.
hydrides
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Table VIII-3 (Concluded)

AND TESTING NEEDED TO SUPPORT THE TRANSPORTATION OF NEf FUELS

Report Reference

Ition Materials Problem Materials R, D. and T Needs Remarks Vol. 2. Sect. VI

of safe Effects of Ht• envirornments Determine threshold stress intensities For small quantity distribu- A-3, A-6

_Ices. on candidate pressure and low-cycle fatigue properties of tion only.
peruis- vessel materials, candidate materials in pure and con-

s taminated H2 gas as a function of gas
pressure.

gn mnd Improved insulation. None. Improvements likely to be 8-2

terials provided by industry
t developments.

h; Stress-corrosion cracking Materials research to establish See Vol. 1, Section III-D.1 D-1.2

tion. of quenched and tempered mechanism and limiting conditions. Overlaps Items 1.2.1

steels in liquid NH 3.

Testing of candidate SCC resistant Overlaps Items 1.2.1 and

materials and welds. 2.3.1

_tion. Corrosion of container None. Existing technology. D-2

materials.

Catalytic decomposition None. Existing technology. D-2

of *,14 by container
materials.

None. None. Standard practice. E-2

•gn. None. None. Los density cargo. Liquid H2 B-2
r tanks similar to LNG tanks.

igm. - None. Low density cargo.

-tion High strength, high stiff- Determine physical and mechanical B-3

iza- ness. light weight, low properties as needed for design

Sthermal conductivity and for candidate composite materials

low thermal expansion at -423*F.

materials desirable.

gin, Low thermal flux tubing. Materials development and testing B-4

0op- support for engineering design

programs.

Ion. H. environment effects on None. Not attractive for H2 C

container materials. transportation on a

large scale.
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TABLE V1II-4
MATERIALS RESEARCH DEVELOPMENT AND TESTING
NEEDED TO SUPPORT THE STORAGE OF NEW FUELS
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Table VIII-4

MATZrIALS .ES=_AROh USVELOP10111 AND TESTING NE=3ZD TO SUPPORT TH1E

Item
No. Type of Storage Fuel Problem Area Type of Solution Materials Problem

1. NATURAL FCRMATIONS
• (Natural or modified)

1.1.1 Depleted oil or gas H2, CO Porosity 01 formation. Grouting. None. None.

reservoirs, aqui- gases, and
Sfers, natural or Nl13

mined caverns.

1.2.1 Underwater storage. H,, CO Design and construc- Engineering design; Materials employed must None
Sgases. tion. materials selection. be resistant to aqueous (or

salt water) corrosion and

effects of IL. (or CO)

environments.

2. MAN-MADE BULK

STORAGE SYSTEMS

(GASES)

2.1.1 Pipelines, capped H2 gas. Acceptability of low Materials testing and H2 environment effects over Long-

pipe, welded steel and medium strength selection, long times un low and and
vessels for moder- steels for N½ stor- medium strength steels, from
ate pressures age. requi
(! 2000 psi). unnot

tough

stati

2.1.2 Protection of materials Fabrication develop- Fabrication and assembly of Devel,
of construction trom H2 ment. vented-lining type vessels, and a

environments.

2.1.3 Materials development, Development and application Deter

fabrication develop- of coatings with low H2 steel:

ment. permeability. etc.

mech-i

afte:

2.2.1 Welded alloy vessel H. ga3. Acceptability of high- Materials testing and H2 environment effects over Deten
for high pressures strength alloys for selection, long times on high-strength on mei
(> 2000 psi). H2 storage, alloys. high-i

2.3.1 Filament-wound H2 gas. Acceptability of high- Materials testing. Long-term mechanical Doten

fiber-reinforced strength FRP vessels behavior of FRP in high- to hi:

plastic vessels. for H2 storage. pressure H2. prope:

2.3.2 Fabrication develop- Present fabrication methods DevelI

ment. are expensive, slow, and scale

size-limited.

2.4.1 Lined, fiber-rein- H2 gas. Design and construc- Engineering development Long-term materials data for Deten
forced and/or tion. and evaluation; mater- design is lacking. ertiei
polymer-impregnated ilas testing. compol

cement vessels.
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Table VIll-4

AND TESTING NE)ZD TO SUP.iORT Tr'E STORAGE OF NEW FUSLS

Report Reference

Materials Problem Materials R, D, and T Needs Remarks Vol. 2, Section VII

None. None. Practice similar to existing B-1, C-2.1
storage of natural gas.

"Materials employed must None at this tine. Concept only. B-i
be resistant to aqueous (or

salt water) coirosion and

effects of &., (or CO)

eviroi•ments.

alnd H, 5nvironment effects over Long-term testing of candidate steels, "Line-packing" of transmission B-2, B-3

long times on low and and welds in pure and contaminited H2 pipelines is a standard method
medium strength steels, from -60*F to 1600F. Test desa of natural gas storage. Data

required includes notched and would permit specification of

unnotched tensile strength, fracture safe design and operating

toughness, delayed failure under standards.

static load, and low-cycle fatigue.

p- Fabri~ation and assembly of Development of low-cost fabrication Vented-lining techniques B-2, B-3
vented-lining type vessels, and assembly methods, employed in high pressure,

chemical process vessels con-

taining H2'

nt, Development and application Determine rate of entry of H2 into See Section VI-A
-p of coatings with low H. steels coated with Cd, Pb, Sn, glasses, 5.1

permeability. etc. Investigate deterioration of

mechanical properties of coated samples

after exposure to H2 .

and H. environment effects over Determine effects of high-pressure 12 B-2, B-3

long times on high-strength on mechanical properties of candidate
alloys, high-strength alloys and welds.

Long-term mechanical Determine effect of long-term exposure - D-2, B-3

behavior of FRP in high- to high-pressure H2 on mechanical

pressure H2. properties of FRP.

op- Present fabrication methods Develop low-cost, rapid, and large- - B-2, B-3

are expensive, slow, and scale fabrication methods.

size-limited,

opment Long-term materials data for Determine long-term mechanical prop- Possible low-cost, large- 8-3

ter- design is lacking. erties of various types of cement scale storage vessels.
composites.
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Table VIII-4 (Continued)

MATERIAL3 RESIARCH DEVEL.OPIINT AND TZSTING N5SSDSD TO SUPORT THE STOP.A

Item
No. lype of Stor-ige Fuel Problem Area Tyle of Solution Materials Problen Mate

3. BUIK STORAGE SYSTEMS

(LIQUIOS)

3.1.1 Conventional systems H2 liquid. Tanks and auxiliary Materials selection. :;one. None.
(vacuum jacketed) up equipment.
to 3 x 10 gal.

3.2.1 Metal or metal-lined H2 liquid. Design and construc- Engineering develop- None. None.
concrete tanks tion. ment; materials
> 3 x 10 gal. selection.

3.3.1 Reinforced plastic 42 liquid. Design and construc- Engineering and fabri- Present fabrication methods Develop I
tanks. tion. cation development, expensive, slow and size- scale lab

limited.

3.3.2 Materials testing. Materials data for design Determina
at cryogenic tuaperatures ieal prop

is lacking. ites at c

3.3.3 Materials development. Chill-down stresses would Develop a

be reduced by low-expansion composito

materials. trolled o

advanced

or zero

3.4.1 Fiber reinforced H. liquid. Design and construc- Engineering develop- Materials data for design Determina
impregnated cement tion. ment and evaluation; at cryogenic temperatures ical prop
tanks, materials testing. is lacking. cements a

3.5.1 All liquid H2 bulk H2 liquid. Insulation materials. Engineering design and Improved, low-cost internal Materials

storage systems. development; materials and external insulation engineeri

development. mateiials.

3.5.2 Auxiliary components. Materials selection, Effects of high-purity 112 rest comp

component testing. environments on materials, at servic

3.6.1 Double wall,perlite NH3 liquid. None using conventional - None. None.
insulated steel low-strength steel con-
tanks. struction.

3.6.2 Use of higher strength Materials research and Stress corrosion cracking Materials
steels. testing. of stools in liquid Nil. mechanism

steels in

3.6.3 Testing o

materials

3.7.1 Methanol bulk Methanol None. Nore
storage tanks.
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Table VIII-4 (Continued)

PMNAND TZSTING NESDED 10 SUPPORT 711E STOP.ACE OF NEW FUELS

Report Reference
Materials Problem Materials It, D, and T Needs Remarks Vol. 2, Sect. VII

on. Vone. None. Existing technology. C-1.1, C-1.5

op- None. None. 0,,uble or single wall C-1.1, C-1.5
construction.

abri- Present fabrication methodz Develop low-cost, rapid, and large- Strength requirements not as C-l.l, C-1.5
t expensive, slow and size- scale fabrication methods, great as Item 2.3.1.

limited.

Materials data for design Determination of physical and mechan- - C-1.1, C-1.5
at cryogenic temperatures ical properties of candidate compos-

is lacking. ites at cryogenic temperatures.

nt. Chill-down stresses would Develop and test reinforcea polymeric For smaller tanks. Costs C-l.l
be reduced by low-expansion composites and structures with con- likely to be too high for
materials. trolled orientation of graphite or large vessels.

advanced organic fibers to give lo%
or zero expansion coefficients.

op- Materials data for design Determination of physical and mechan- - C-1.1, C-1.5
on; at cryogenic temperatures ical properties of fiber loinforced

Sis lacking, cements at cryogenic temp *atureb.

and Improved, low-cost internal Materials D and T support for - C-1.4
irals and external insulation engineering development.

mateuials.

on, Effects of high-purity H2 Test components in uigh-purity 112 - C-1.1

environments on materials, at service conditiona.

None. None. Standard practice. C-2.1

and Stress corrosion cracking Ntatexrnls research to establish See also Vol. I Sect. III- C-2.1
of steels in liquid NH,. mec'anism and Limits ol SCC of D.1 and Vol. 2, Sect. VI-

pteels in liqild N.43. 0.l. Same as Item 1.5.1

in Table VII-l.

Testing of candidate SCC resistant - C-2.1

materials.

'None Standard practice. C-2.2
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Table VIII-4 (Continued)

MATERIALS RESEARCH DEVELOPMENT AND TZ3TING NEEDED TO SUPPORT TIE STO,

Item
No. Type of Storage Fuel Problem Area Type of Solution Materalss Problem Mat4

4. SMALL CONTAINER
STORAGE--GASES

4.1.1 FRP vessels. H2 gas. Lighter vessels needed. Develop and qualify Long-term mechanical Determir

filament-%ound rein- behavior of FhP in high to high
forced plastic tanks, pressure H2 . erties c

5. SMALL CONTAINER

STORAGE--LIQUIDS

5.1.) Vacuum-jacketed H2 liquid. Low-costmass-pioduced Dasign and fabrication Nono. Material
tanks. storage tanks, development, port for

grams.

5.2.1 Insulated tanks. NH, liquid. Low-cost, mass-pro- Design and fabrication None. None.
duced storage tanks, development.

5.3.1 Uninsulated tanks Hydrazine. Very long-term (10 Design, materials Long-term compatibility of Developm
for hydrazine. year) storage. development and metallic and nonmetallic inert ma

testing, chemical materials with hydrazine.

studies.

5.4.1 Uninsulated tanks Methanol, None of significance. - None. Nore.
for methanol.

6. AIRCRAFT AND SPACE

VEHICLE FUEL TANKS

6.1.1 All aircraft and 112 liquid. Flight-weight tank Engineering design and Lack of design data for Deteimin,
space vehicles. design, development using cryogenic temperatures. propertl,

advanced composites, at cryogi

6.1.2 Fabrication and Chill-down stresses would Develop
materials develop- be reduced by loY-expans1on ccmpositf
ment. materials. trolled (

advanced

or zero

6.1.3 Adhesive for use in contact Develop a
with liquid H,2. -423rF.

6.1.4 Flexible membrane materials Develop 1

for liquid H2 or 112 vapor materials

barriers.

6.2.1 Subsonic aircraft 112 liquid. Fuel tank insulation. Engineering and Safe, efficient insulation Develop a

materials development, for temperature range losed-po
-4230F to -180*F. 'ermal c

* ructura

+180,F.
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£ Table VIII-4 (Continued)

DEVELCPMENT AN1 ý3TING NIEDED TO SUPPORT THE STORAC3 OF NEW FUELS

Report Reference

Solution Materials Problem Materials R, 0, and T Neees Remarks Vol. 2, Sect. V•t

d qualify Long-term mechanical Determine eflects of long-torm oxposuio - H-2, B-3
wound rein- behavior of FRP in high to high pressure H2 on mechanical prop-

astic tanks, pressure H2*. erties of FRP.

d fabrication None. Materials developent and testing sup- Essenatial for use of Ihquid C-1.2
t. port for enI.inet"ing Jevelopment pro- H2 by vehicles, small boats,

grams. portable equipment.

•d fabrication None. None. C-2.1

t.

iterials Log-term compatibility of Development and testing of highly 5hort-term small 2onta~ner C-2.1

nt and metallic and nonmetallic inert materials or coatings. storage of hydrazine poses
-chemical materials with hydrazine no serious problems,

None. None. Corrosion may be a slight C-2.2
prc lem.

ng design and Lack of design data for Determine physical and mechanical Storage times rtquired are C-l.3
nt ubing cryogenic tempera ures. properties of candidate composites relatively short.
composites. at cryogenic temperatures.

on and ?:ill-down stresses would Develop and test reinforced polymeric Saw as Item 3.3.3. C-1.3
develop- be reduced by low-expansion composites and structures with con-

materials. trolled orientation of graphite or

advanced organic fibers to give low

or zxro expansion coefficients.

Adhesive for use in contact Develop adhesives for service at C-1.3
with liquid I2* -423-F.

Flexible membrane materials Develop iigh-strength flexible membrane - C-1.3

for liquid 112 or 112 vapor materials for service at -4230F.

barriers.

ag and Safe, efficient insulation Develop and test fire-resistant Foams may be fiber rein- C-1.3, C-1.4
gdevelopment, for temperature range closed-pore foams with very low forced.

-423*F to -1800F. theraal conductivity and good

structural strength from -423WF to

t.180F.
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Table VIII-4 (Continued)

MATERIALS .3SEARCI! DEVSLO•t•nT AND TE3TING N3EDED TO 1UPPORT TH.E STO

Item
No. T7peof Storage Fu.l Problem Area Type of Solution Materials Problem Hat(

6. AIRCRAFT AND SPACE

VEHICLE FIUEL TANKS

(Ccocluded)

6.3.1 :upersonlc sircraft. H. liquic. F-tel tank insulation. Engineering and Hot-face insulation tempera- Material.
materials development. ture may reach 350*F, neeering

J.4 .1 Hypersonic aircraft. H2 gas. Fuel tank insulption. F,igineering and Target for insulation Materialt
materials development. operati.sg range is -423'F neering c

to •650*F.

7. STO.A.GX OF NEW FUELS
AS SOLIDS

7.1.1 Storagu of hydrogen H. gas Technical and economic Cost/benefit analysis Estimate materials compon- Assistanc
us metal hydride., feabibility. of hydride systems ent of system costs, technical

compared with liquid study.

and gaseous H1, for
various storage capa-

citic; and appli-

cz.tions.

7.1.2 Lack of operational Build, eat, and Not applicable. Assistanc
experience. develop engineering

prototype systems
based on Mg and FeTi,

7.1.3 Performance improve- Materials research and Absorption and desorption Studies c
ments. development, kinetics. desorptic

candidate

7.1.4 Investiga

additions

systems.

7.1.5 Limited cycle life, Examine E

especially for deep H2O, odor
discharges. life.

7.1.6 Investigs

charge rc

and bed c

bed struc

8. STORAGE OF BY-PRODUCT
OXYGEN

8.1.1 Bulk sto.-ge as gas By-product Possible gnition Engineering studies. None None

in geological 02 gas ihazards.
caverns.
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Table VIII-4 (Continued)

AND TErTING NI'ED TO SUPPORT THE STOlIAGS OF NEW FUELS

IReport Reference
Materials Problem Materials iR, D, and T Needs Remarks Vol. 2, Sect. VII

Hot-face insulation tempera- Materials D and T support to engi- - C-1.3
t. ture may reach 350*F. neeering development programs.

Target for insulation Materials D and T support to engi- Hot-face insulation tempera- C-1.3, C-1.4
t. operating range is -423'F neering development programs. tures will depend on aircraft

to (!bOF. or vehicle design.

"Is Estimate materials compon- Assistance in materials aspects of Study needs to be done in D-4
ent of system costs, technical and economic feasibility depth. Published comparisons

study. are not considered adequate.

Not applicable. Assistance and consultation. One program using FeTi D-4

initi.ated at Brookhaven
Natioaak Laboratory.

•ad Absorption and desorptlin Studies of H. absorptionstorage and - D-4

d inetic3. desorption characteristics for new

candidate systems.

Investigate effects of minor alloy - D-4
additions on performance of known

systems.

Limited cycle life, Examine effects of contaminants (02, - D-4

especially for deep H20, odorants, illuminants) on cycle

discharges. life.

Investigate cycle life/depth of dis- - D-4
charge relationships for various rotes
and bed conditions. Develop improved

bed structures.

None None Analagous to current practice E

sith natural gas.
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Table VIII-4 (Concluded)

MATERIALS RZSFARCH D7VELOPMNT AND TETrING NEWDED TO SUPPORT THE STORAGE 01

Item
No. Type of Storage Fuel ProIlem Area Type of Solution Shterials Problem Materials

S. STORAGE OF BY-PRODUCT

OXYGEN

8.2.1 Bulk storage as gas By-product Safety of sltorage Mate.,idls qtalifica- Long-term compatibility of Determination

Dr. man-madr 02 Fas. vessels. tion. low-cost materials of coia- materials of c
systems. struction, with 02 at high ditions simula

pressures. sure.

8.2.2 Mater-ials research. lack of fundamental Studies ei e~f

knowledge concerning sure of metals
effect3 of long-tern, expo- and contaminat,

sure to high pressure 02 behavior and s

on mechanical behavior of

metals.

8.2.3 Engineering and syseem - Supporting stui

design; hazard aspects of eng

analysis; econmic and economic e

analysis.

8.3.1 Bulk storae as By-prox.uct Safety af storage Materials seloction. Compatibility of metals and None.

liquid in pan-made 0, liquid. vessels, other materials with liquid

systems. 02.
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Table VIII-4 (Concluded)

- MZNT AND TESTING NEEDED TO SUPPORT THE STORAGE OF N3W FUE'LS

Report Reference

Ion Materials Problem Materials R, D, and T Needs Remarks Vol. 2. Sect. VII

ifica.. Long-term compatibility of Determination of Ignition hazards for - E

low-cost materials of con- materials of construction under con-

struction with 0 at high ditions simulating most severe expo-

pressures, sure.

arch. Lack of fundamental Studies of effects of long-term expo- - E

knowledge concerning sure of metals to high pressure pu-e

effects of long-term expo- and contaminated 02 on their mechanical

sure to high pressure 02 behavior and surface condition.
on mechanical behavior of

metals.

system - Supporting studios of materials E

aspects of engiieering, hazard,

ic and economic evaluation.

tion. Compatibility of metals and None. Existing technology and prac- E

other materials with liquid tice. Safety standards must

0D2. be enforced to prevent

accidents.
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IX RESEARCH RECOMMENDATIONS AND PRIORITIES

This section collates and reclassifies the materials research, develop-

ment, and testing needs identified in Tables VIII-l through VIII-4 into

ten major programs as follows:

Table IX-I

Program A: Effects of Hydrogen on Materials

Table IX-2

Program B: Effects of Hydrogen Carriers and Partially

Oxygenated Compounds on Materials

Table IX-3

Program C: Effects of Oxygen (By-Product) on Materials

Table IX-4

Program D: High-Temperature Materials Studies

Table IX-5

Program E: Materials for Service at Cryogenic Temperatures

Table IX-6

Program F: Materials for Fuel Cells and Electrolyzers

Table IX-7

Program G: Materials for High Energy Density Batteries

Table IX-8

Program H: Catalysts (Excluding Electrode-Catalysts)

IX-l



Table IX-9

Program J: Miscellaneous Materials Development and Fabrication

Table IX-1O

Program K: Tochnoeconomic and Engineering Feasibility and

Evaluation Studies.

A number of specific projects are described within each major program.

The relevance of each project to DoD is estimated and a priority is sug-

gested. The tabular form employed and the significance of the individual

table columns are described below.

Project Number (Column 1)

Column 1 lists the project number which consists of the major program

L letter (A through K) followed by a number that identifies the individual

r project within the major program.

Project Description (Column 2)

Column 2 gives a project title and a short description of the suggested

scope of the study. In some instances the project is divided into subpro-

jects, identified by lower case letters in parenthese.i, e.g., (a).

Activity Type (Column 3)

Column 3 contains a simple description of the type of activity

involved in the performance of the project; for example, "Basic research"

or "Materials testing and interpretation."

Fuel (Column 4)

Column 4 lists the fuel or fuels to which the project relates.
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Problem Area (Column 5)

Column 5 gives an abbreviated description of the problem area to

which the proposed project or subproject relates. A horizontal line

running from Column 4 (Fuels) through Column 10 separates the informa-

tion contained in these columns according to the problem area indicated

in Column 5. In some instances, a single project, for example, project

A-l in Table IX-l, is related to several problem areas. In some other

cases, individual subprojects are related to separate problem areas; in

this instance, the relationship is clarified by the subproject identifying

letter given before the problem area description, for example,

project A-5(a) and A-5(b) in Table IX-1.

Reference to Section VIII (Coluwns 6 and 7)

These columns list the table and item numbers of the materials

research, development, and testing needs identi~ied in Section VIII that

the pzrject or subproject described in Column 2 aims to solve. The

relevant textual matter of Sections IV through VII in Volume 2 can be

traced using these Section VIII item numbers and table numbers.

Relevance to DoD (Column 8)

This column indicates our judgment of the relevance of the project

or subproject to DoD requirements. The relevance is indicated as "high,"

"moderate." or "low" and reflects the highest degree of relevance among

the items listed in Column 7. (These items do, of course, vary in their

relevance to DoD even though their solution is provided by the same

project or subproject.)
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Priority (Column 9)

Column 9 indicates our rating on n scale of 1 (high) to 5 (low) of

the priority that should be accorded to the project or subproject in the

context of the specific problem area shown in Column 5. A project may

be assigned a high priority in relation to one problem area and a low

priority in regard to another, since given problem areas will be of

varying importance and may require solutions in different tiae-frames.

The listed priority rating is based on a combination of the importance

of the problem, the urgency of the need for a solution and the relevance

of the problem to the DoD. It must be emphasized that the priority judg-

ments represent our interpretation of the information unccvered during

the performance of this study and that new information or changes in

DoD policy might necessitate a corresponding update of the priority

ratings.

Remarks (Column 10)

Explanatory comments are made in this column either to clarify the

relevance or priority ratings in Columns 8 and 9, or to provide additional

general information on the problem area or the nature of the project.
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IX-A. DISCUSSION OF RESEARCH RECOMIMENDATIONS

The suggested materials research, development, and testing

projects are briefly described in the following peragraphs under the

programs of which they are a part. An overall summary (Section IX-B)

discusses the most important materials aspects of the use of new fuels

in advanced energy systems.

1. PROGRAM A: EFFECTS CF HYDROGEN ON MATERIALS

In spite of the extensive literature on the effects of hydrogen

on metallic materials, this study has shown that there are still serious

deficiencies in our knowledge, particularly with regard to the behavior

of materials of practical engineering significance under conditions that

might be encountered in a hydrogen economy. This is especially true of

• { the use of aerospace materials in hydrogen-fueled aircraft or rockets

and of the use of general engineeri.ng materials for pipeline transmis-

sion and distribution of hydrogen. While the materials requirements

for these two application areas are completely different the two cases

have in common the fact that the materials employed are used at the

highest possible level of performance. This common performance require-

ment is dictated in the case of aerospace materials by the need to mini-

mize weight in flight structures of all kinds, and, in the case of

pipeline materials, is a consequence of economic considerations.

Projects A-1 and A-2 relate to the use of aerospace structural

materials in hydrogen envirorments. These are the materials employed

in components extending from on-board fuel tanks through the point where

the hydrogen fuel iri burned. The materials testing and interpretation

work recommended would encompass temperatures ranging from liquid

hydrogen temperatures up to 1500OF and to significantly higher
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temperatures in special cases, such as those that might occur if hydrogen

were used to cool the hot components cf turbine or rocket engines.

Because of the different testing techniques required, the measurement and

interpretation of the mechanical vroperties of aircraft structural mater-

idls in hydrogen environments has been divided into two separate projects,

projects A-I and A-2. Project A-1 is related to property measurements

from -423 0 F to 300 0 F, while project A-2 is related to temperatures from

300*F upwards. For both projects, tests should be conducted both in

an inert .tmosphere, such as helium, and in hydrogen, to obtain an indi-

cation of the property degradation due to the hydrogen environment. Much

of this work would extend and continue such programs as those summari;zed

in Table IV-2 (Volume 2). Since it is likely that advanced composite

materials with polymeric as well as metallic matrices may be employed

over the low and moderately elevated temperature ranges, we believe

testing of the-9 materials should be included, since no definitive informa-

tion appears to exist as to the behavior of this category of materials in

hydrogen environments.

The information obtained from the suggested test projects can

be employed to determine the critical stresses (or stress intensities)

below which the materials can be used safely when exposed to the most

severe environmental conditions likely to be encountered in service.

However, these design data will be of more value if the mechanisms causing

property degradation are fully understood. For this reason, an important

part ol both projects will be to analyze and interpret the test results

in terms of the composition, nicrostructure, and surface condition of the

material, and the details of the test environment.
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The effects of hydrogen environments on pipeline materials

is the highest priority item under Project A-3: Hydrogen Environment

Effects on Engineering Materials. The enormous capital investment in

pipeline transmissioi and distribution systems makes it essential that

a conclusive answer be provided to the question of whether or not

present-day and future pipeline steels (and welds) are acceptable for

use wit?, hydrogen, and if so, what factors of safety should be applied

to the desibn of the system.

Three aspects of the effects of hydrogen on the behavior of

aerospace and general engineering materials are worthy of special

mention:

"* Hydrogen-assisted fatigue cracking.

"* The effect of contaminants in the gas on the mechanical

behavior of materials in hydrogen 6nvironments.L The role of surface films and surface contaminants on the

adsorption and dissociation of hydrogen.

The first two topics have been included in the mechanical properties

investigations covered by Projects A-1, A-2, and A-3. The third topic

is the subject of a separate project (A-6). The results of this project

will have an important bearing on understandirg the mechanical

behavior of practical materials in hydrogen environments under actual

service conditions.

Permeation of hydrogen through metallic and nonmetallic

materials is not of general impnrtance; however, the two specific

studies shown under A-5 have been included. Project A-5(a) relates to

the particular requirements involved in the use of hydrogen as the

working fluid for Stirling cycle engines; its importance will depend

on the extent of industry and DoD interest in this type of engine.
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Project A-5(b) relates to the possible use of protective coatings to

prevent the entry of hydrogen into metals. This project should be

exploratory in nature, since the possibilities of practical success

for such an approach would appear to be limited.

While most interactions of hydrogen with metals are considered

as having unfavorable implications, ti:e use of hydrides for storage of

hydrogen represents an attractive possibility for utility peak shaving

requirements and possibly for the on-board storage of hydrogen fuel for

vehicles. Continuation and extension of metal hydride studies under

Project A-7 has been assignOd a priority rating of 2, but the level of

effort should, in our view, depend on the outcome of technoeconomic and

prototype studies to determine the potential advantages of this system

compared with gaseous or liquid fuel storage.

In addition to the extensive materials testing studies

identified under Project A-s, new or existing pipelines cannot be

recommended for use with hydrogen until extensive full-scale pipe testing

has been safely completed. This activity is identified under Project

i-8 and is accorded a priority equal to the associated materials testing

stueiesas they relate to pipeline materials.

Project A-9 includes various materials development, testing,

and consultation activities required to support engineering development

az)d component testing programs in a variety of different problem areas.

Since the potential effects of hydrogen on a wide variety of materials

may be deleterious to varying degrees it is essential that adequately

qualified materials experts are involved at all stages of the engineering

design., development, testing, and production of equipment or components

exposed to hydrogen environments to ensure maximum reliability and

safety of operation.

IX-8



It is our overall conclusion that the effects of hydrogen on

materials will not constitute an insurmountable barrier to the safe

and effective use of hydrogen as a fuel for militry, industrial,

commercial and residential use. However, before hydrogen fuel can be

successfully introduced, extensive additional information must be

developed. Program A represents a tentative suggestion of the materials

research, develophment, and testing programs required to provide this

information.

2. PROGRAM B: EFFECTS OF HYDROGEN CARRIERS WND PARTIALLY
OXYGENATED COMPOUNDS ON MATERIALS

The use of the various hydrogen-derived fuels constiTutes an

alternative to the direct use of hydrogen itself. These alternative

fuels are grouped as hydrogen carriers and partially oxygenated com-

pounds. The principal hydrogen carrier is ammonia, with hydrazine

second in importance; the hydrogen carriers borane and silane also dis-

cussed in Volumes 1 and 2 of this report are not considered of sufficient

importance to justify significant research effort at this time. The

partially oxygenated compounds carbon monoxide and methanol derived

from the hydrogen reduction of nonfossil carbon dioxide are also con-

sidered as alternatives to hydrogen fuels. Program B, Table IX-2

summarizes research, development,and testing programs considered neces-

sary to support the use of these alternaitive fuels.

The choice of ammonia as an alternative fuel poses few serious

materials problems, with one important exception: the stress corrosion

cracking of steels in liquid ammonia, which now constitutes an unsolved

problem important to the transportation of ammonia by tank truck.
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The basic research proposed under Project B-l(a) and the

materials testing and interpretation investigations proposed under

Project B-l(b) are considered of high priority with regard to the trans-

portation of ammonia by pipeline or su:;face methods. At the present time

the actual extent of the phenomenon is not known and investigations to

determina the limits of stress corrosion cracking with respect to the

steel composition and microstructure, stress level and type of stressing,

and the type and concentration of contaminants deliberately or accidentally

present in the liquid ammonia should be instituted at an early date.

These basic studies should be accompanied by long-term delayed-failure

and fatigue tests of presently used and future candidate materials for

ammonia pipeline or transportation vessels to select and qualify

suitable materials of construction and to define safe materials design

criteria. Full-scale testing of pipeline sections would also be necessary

before the safety of new or existing pipelines for ammonia transportation

could be assured.

Hydrazine is not,in our view, likely to become a major fuel for

general use. For most military uses of hydrazine, adequate materials

informatiou already exists but additional compatibility studies are

required fcr applications involving the long-time storage of hydrazine

for periods of up to ten years. These investigations are included in

Project B-3.

Of the partially oxygenated fuels, methanol does not appear

to have any deleterious effects of importance on materials,with the

exception of the well-known stress corrosion cracking of titanium in

methanol environments. The reactions of carbon monoxide with metals at

elevated temperatures are well understood and common materials of con-

struction are generally considered to be inert to car1,t monoxide at
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near-ambient temperatures and pressures. However, some uncertainty

exists regarding the long-term effects of high-pressure carbon

monoxide on the mechanical properties of metals. It is considered

advisable to institute a materials testing and interpretation project

to establish whether any deterioration of the mechanical properties

of metals occurs under these conditions in pure and contaminated carbon

monoxide. The priority accorded to this program at the present time

is low, although it may be advisable to raise the priority if the

general use of carbon monoxide fuel is projected.

3 Thus, the most important materials research and development

projects concerned with the effects of hydrogen carriers and partially

oxygenated compounds on materials are those directed towards solving

the problem of the stress corrosion cracking of steels in liquid

ammonia. We believe that significant support should be accorded these

projects at an early date.

3. PROGRAM C: EFFECTS OF OXYGEN (BY-PRODUCT) ON MATERIALS

The mechanical properties of engineering materials are normally

measured in air and it is assumed that oxygen environments do not change

the property values. However, this assumption has not been adequately

substantiated for long-term exposure to high-pressure oxygen when flaws

or cracks are present in the material or when it is subjected to high-

or low-cycle fatigue. A fundamental project to provide definitive

information on this point is therefore suggested as a necessary pre-

- liminary to the large-scale use of oxygen and is relevant to the safetj

of existing systems. Safety considerations have also led us to recom-

mend a study of ignition hazards in oxygen pipelines containing surface

cracks or flaws when subjected to rapid stressing, impact, or fatigue.

(Project C-2.)
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Probably the most important topic for study in connection

with the large-scale general distribution and use of by-product oxygen

is the question of whether such distribution is, in fact, technically

and economically feasible. To arrive at an early judgment of this

question, an in-depth engineering system study including hazard analysis

and economic analysis is considered dL:;irable.

4. PROGRAM D: HIGH-TEMPERATURE MATERIALS STUDIES

Once the hydrogen fuel reaches the point of combustion, we

have assumed that the effects of .ydrogen itself on materials are no

longer of concern. In some cases, momentary exposure of materials to

hydrogen-containing combustion gases may exist where the mixture is

momentarily fuel-rich but we consider that such transient situations

can generally be neglected.

The principal differences between the combustion of hydrogen

and of fossil fuels are the somewhat higher flame temperatures experienced

with hydrogen, the different combustion conditions, and the fact that the

combustion gases have a higher water content--pure water in the case of

hydrogen combustion with oxygen. This last factor is approached from

two different viewpoints in projects D-1 and D-2. Project D-1 proposes

a fundamental investigation of the kinetics of reaction of candidate gas

turbine materials with high water content environments. Silicon nitride

and silicon carbide are considered important materials to be examined

irn this study because of the considerable government support of programs

aimed at the use of these ceramics in both large and small gas turbines.

In addition to this basic research project we consider it necessary

to institute an extensive materials testing and evaluation project to

determine the high-temperature mechanical and environment endurance

of present and future candidate gas turbine materials in actual
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or simulated hydrogen/air and hydrogen/oxygen combustion gases. Both of

these projects will be important to advanced gas turbine design and

development and are therefore considered of high relevance to the Depart-

ment of Defense and have been accorded a I priority. Project D-2

consists essentially of an expansion of existing gas turbine materials

programs to include the modified environment due to the change of fuel

from hydrocarbon to hydrogen.

If water cooling of high-temperature gas turbine components,

or components of oxygen/hydrogen combustion systems, is found to be

feasible, the cooling channels will be subjected to high-velocity,

high-temperature water which could produce rapid oxidation or corrosion

due to the accelerating effect of erosion. Evaluation of this possibility

is recommended if water cooling is adopted for high-temperature components.

5. PROGRAM E: MATERIALS FOR SERVICE AT CRYOGENIC TEMPERATURES

Use of liquid hydrogen fuel will involve the extensive t.se of

materials and components at temperatures near -423 0 F. While considerable

data exists on the low-temperature behavior of a wide variety of materials,

much of the information does not extend to or below the boiling point of

hydrogen. An extensive project of materials property determination and

evaluation will be required to support engineering design and development

of equipment associated with the use, production, transportation, and

storage of liquid hydrogen. These investigations, grouped in Project E-l,

will be of moderate to high relevance to DoD and of variable priority

according to the specific application. Work related to aircraft liquid

hydrogen fuel tanks will be of special concern to DoD and of high priority.
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Materials development is recommended in two separate areas

in connection with aircraft and space vehicle liquid hydrogen fuel tanks.

In the first area (Project E-2), possibilities exist of reducing chill-

down stresses in tanks and associated structures by the development of

polymeric composite materials with low thermal conductivity and low or

zero thermal expansion coefficients. Low thermal expansion coefficients

can be obtained by the use of selected and accurately controlled orienta-

tions of reinforcing fibers of graphite or advanced organic fibers such

as Kevlar 49R that have negative coefficients of expansion. While these

materials are likely to be expensive, the potential advantages of such

materials and structures probably justify significant development work

of high priority.

Highly efficient cryogenic insulation systems are of obvious

importance in the handling of liquid hydrogen. While significant

advances have been made in recent years, there appear to be two areas

I that would justify further materials development effort. The first areaI
is the development of improved low-cost insulation systems for bulk liquid

I hydrogen storage (Project E-3). For the second area, insulation systems

for aircraft and space vehicle liquid hydrogen tanks, continuation and

expansion of existing projects is recommended. Two special requirements

exist in this case. The first is for a high degree of fire resistance, and

the second, applicable to supersonic and hypersonic aircraft, is that the

insulation be able to function with high hot-face temperatures,which may

in some instances reach 650 0 F. Materials support for the engineering

development of improved insulation systems for this application is con-

sidered of high relevance to DoD and has been assigned a high priority.
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6. PROGRAM F: MATERIALS FOR FUEL CELLS AND ELECTROLYZERS

To allow fuel cells to realize their potential for wide appli-

cation in a nonfossil fuel economy, improved materials will be required

for electrocatalysts, electrode structures, and electrolyte matrices.

At the present time,it appears that alkaline hydrogen fuel cells

(including regenerative types) are the most attractive class of cells

for use in a hydrogen-based fuel system and high priorities in the

materials research and development have therefore been accorded to programs

associated with fuel cells of this type.

Advanced electrolyzers based on fuel-cell technology appear

at the present time to have the best potential for reducing the basic

cost of hydrogen fuel. In our view, the status of development of thermo-

chemical splitting methods for the production of hydrogen is not yet

sufficiently advanced to permit realistic estimates of the cost of

hydrogen produced by this method. Since the feasibility and accepta-

bility of a nonfossil hydrogen economy will depend to a large extent

on the cost of hydrogen in comparison with the cost of alternative fuels,

we believe that the materials-related programs in support of advanced

electrolyzer development may constitute the most important scientific

and technical effort related to the hydrogen economy.

Because of the close ties between advanced electrolyzer and

advanced fuel-cell technology, these two subjects have been included

in a common program. Projects F-1 through F-4 are concerned with

improvements in electrocatalysts, a critical area for improving the

efficiency of both fuel cells and electrolyzers. Projects F-1 and

F-2 are principally directed at reducing the capital cost of the fuel

cell or electrolyzer systems by lowering the loading of noble metal
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catalysts required or by developing nonnoble metal catalysts of high

activity and durability. Special purpose electrocatalysts included in

Project F-4 are generally accorded lower priorities. Project F-3 is

concerned with work of general application of both a fundamental and

empirical nature. Fundamental studies of electrocatalysts are required

to provide a scientific basis for electrocatalyst development. In

this connection it should be pointed out that electrocatalyst behavior

and the mechanisms of the electrocatalytic process differ markedly

from those for general chemical process catalysis.

Problems associated with electrode materials and electrode

structures and with the matrix or diaphragm materials are the subject of

the investigations listed in Projects F-5 and F-6. The highest priority

in these two projects is accorded to efforts to increase the operating

temperature of alkaline fuel cells and alkaline electrolyzer systems,

since in both cases higher temperature operation would result in

increased efficiency.

Project F-7 involves additional basic materials research

and materials development studies associated with the ionic behavior

of solids. Project F-7(a) is directed at uncovering inorganic solids

that have good ionic conducting properties at moderate temperatures.

A significant breakthrough in this area could result in a reduced operating

temperature for inorganic solid electrolyte fuel cells and electrolyzers,

and by so doing, increase their efficiency and reduce the general

materials problems of high-temperature operation. Research concerned

with ion-conducting behavior in solid polymeric materials could make

important contributions to increasing the efficiency and reducing the

cost of the attractive solid polymer electrolyte electrolyzer systems.

Among the general materials problems associated with the construction

of fuel cells and electrolyzers, the most important is concerned with
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the frame materials for alkaline electrolyzers. The presently used

material, polysulphone is limited to 150 0 C operation. If higher tempera-

ture operation is to be obtained, improvements in the frame materials

must accompany other advances in the technology.

The materials research and development associated with fuel

cells and electrolyzers generally is of such a nature that it must be

conducted in close collaboration with the electrochemical and engineering

research and development activities. We suggest this consideration

should be borne in mind in the planning and funding of materials research,

development, and testing programs associated with fuel cell and

electrolyzer development.

7. PROGRAM G: MATERIALS FOR HIGH ENERGY D SITY BATTERIES

High energy density batteries are generally a topic of high

or moderate relevance to the Department of Defense since portable power

supplies are an essential requirement in almost all defense systems.

Our review of this area clearly indicates that materials problems

encountered in the development of a battery system are highly specific

to the particular combination of electrodes and electrolyte involved

in that system. Solutions developed to materials problems for one

battery system are unlikely to apply to other systems because of the

different environmental compatibility requirements. As a consequence,

we believe that the materials research and development projects included

under Program G should be undertaken as an integral part of battery

development programs rather than as independent, materials-oriented

studies. A possible exception to this generalization is Project G-2,

in which studies of the ion-conducting behavior of solids are proposed.

This work bears a close relationship to similar topics proposed in
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Program F (Materials for Fuel Cells and Electrolyzers) ai.d some combina-

tion of the research effort in these topics would be possible and

advantageous.

8. PROGRAM H: CATALYSTS (EXCLUDING ELECTROCATALYSTS)

Three projects have been identified in the area of catalysis.

The first of these relates to a specific DoD requirement for very long

life catalysts for the catalytic decomposition of hydrazine within

small monopropellant rockot engines.

The second group of catalyst research and development studies

is associated with the catalytic combustion of new fuels (Project H-2).

Catalytic combustion offers a highly efficient low-temperature heat

source for space and water heating. Moderate priority is accorded to work

associated with fundamental and developmental studies of the catalytic

combustion of hydrogen, while relatively low priorities are given to

the catalytic combustion of ammonia or other alternative new fuels.

The third project in this program is related to the possible use

of methanol or carbon monoxide as alternative new fuels. In either

case, the production of carbon monoxide by the hydrogen reduction of

nonfossil carbon dioxide is necessary and is accomplished by the

reversed shift reaction. Although this reaction is well known, it

has not been of commercial significance as has the forward shift reac-

tion,which results in the formation of hydrogen from carbon monoxide

and water. If carbon mono::ide and/or methanol become adopted as general

Spurpose fuels, the development of catalysts to improve process efficiencies

will be highly desirable. A low priority is accorded to this project

in relation to the production of carbon monoxide (and not methanol) as

a general fuel, while a higher priority is associated with the production

of methanol, which we regard as a more likely fuel, particularly for

vehicle tise.
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9. PROGRAM J: MISCELLANEOUS MATERIALS DEVELOPMENT AND

FABRICATION

In this program we have collected varicus materials develop-

ment and fabrication projects not covered (or not covered completely) in

other progrpms.

Because of its important relation to advanctd gas turbines

systems aAld rocket engine development, Project J-l,consisting of

materials support for the development of advanced cooling systems, is

accorded a high priority and is considered highly relevant to DoD.

Project J-2, the development of fiber-reinforced cenent and

concretes,is a project of wide general applicability. These materials

may offer a significant alternative to large-scale steel construction

for pressure vessels and storage tanks.

Vented-lining construction of high-pressure process vessels

for hydrogen service has been adopted in the process industry to

provide protection for the steel pressure shell by the use of a thin

hydrogen-resistant lining material. This type of construction is too

expensive for general use but it is possible that low-cost manufacturing

and assembly methods for such items as line pipe and plate for storage

tanks might be feasible. Project J-3 is therefore suggested as an

exploratory manufacturing development sludy program that could make possible

the use of highly efficient high-strength steel structures in hydrogen

environments.

Project J-4 includes three deve ipment studies related to

the use of fiber-reinforced composites for a variety of large and

small pipe and tankage applications. Project J-4(c), also listed

IX-19



in Program E, is accorded the highest priority in view of its relevance

to DoD in relation to aircraft and space vehicle liquid hydrogen fuel

tanks.

Project J-5 is a small project of significance with regard to

moving components operating in hydrogen environments and is particularly

related to hydrogen compressors and hydrogen pumps. The relatively

low priority accorded this project could be increased if engineering

experience indicates a higher level of need.

10. PROGRAM K: TECHNOECONOMIC AND ENGINEERING FEASIBILITY AND

EVALUAT ION STUDIES

In the performance of this study, we have uncovered three

areas in which we feel necessary policy or strategy judgments require

extensive technoeconomic or engineering feasibility and evaluation

studies and analyses. The first uf these, accorded the highest priority,

relates to the production of hydrogen by electrolytic methods and to the

large-scale use of fuel cells. The large-scale manufacture of these

types of equipment will introduce new requirements for specialty polymers

and ceramics, and noble and nonnoble electrocatalysts. Of particular

concern is the possible need for vast quantities of platinum, far in

excess of current usage or production. Questions of materials availa-

bility are likely to oe critical in policy decisions relating to com-

peting fuel cell and electrolyzer technologies and to general defense

materials requirements. Project K-1 is therefore considered highly

relevant to DoD and has been accorded a priority of 1.

The second project suggested relates to the use of by-product

oxygen. A critical element in judgments as to the desirability of

distributing and using the oxygen produced as a by-product of hydrogen

production processes as compared with venting it and burning the hydrogen
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fuel with air will be the feasibility and cost of the general trans-

mission and distribution of by-product oxygen. Project K-2 is therefore

regarded as a necessary preliminary step before significant funding is

committed to development or engineering expendi+ures in this area.

Project K-3 is more specific in nature and proposes a cost/benefit

analysis of hydride systems compared with liquid and gaseous hydrogen

storage for various applications, including peak shaving and vehicle

uses. It is considered that adequate in-depth comparisons have not been

made in this area and are needed before a definitive judgment as to the

economic viability of hydride storage systems can be made.

I
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IX-8. MATERIALS REQUIKEMEETS FOR ADVANCED ENERGY SYSTEMS--

NEW FUELS; SUMMARY AND OVERVIEW

This study sought to identify materials-critical aspects of

the use, production, transportation, and storage of new fuels derived

from nonfossil sources. Hydrogen was the principal new fuel studied;

hydrogen-derived fuels consid,ired were ammonia, hydrazine, boranes,

silanes, carbon monoxi.de, and methyl alcohol. The materials implica-

tionsof the use, transportation, and storage of oxygen (produced as a

by-product in hydrogen generation) and of the use of active metals in

batteries were also examined during the study. Previous volumes of

this report are concerned with:

Volume 1: Interactions of Materials with New Fuels

Volume 2: Materials Aspects of the Use, Production,

Transportation, and Storage of Now Fuels

In this volume (Volume 3), the results of the study have been correlated

and analyzed in Section VIII, while Section IX provides a listing of

ten major research development and testing prowrari areas within each of

which specific projects are described. The relevance of these projects

to DoD is noted and a judgment is given of their relative priorities in

the context of the problem area to which they are related.

Of the four program areas--use, production, transportation,

and storage--the materials requirements related to hydrogen production

are probably the most important, since the viability of a hydrogen fuel

economy depends above all on our abiliLy to produce hydrogen with the

most efficie:it use of energy ind at the lowest possible cost. At the

present time, the production of hydrogen by the thermochemical splitting

oI water is 2,.. ,i sufficiently advanced stage to permit any
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clear assessment of its competitive states. It is therefore considered

that the electrolysis of water is the most likely route by which hydrogen

can be produced in the quantities required, and it is in this area that

we believe a major research and development effort should be concentrated.

The efficiency of electrolyzer systems is highly dependent on advances

in electrocatalyst materials, materials for electrode structures and

electrolyte matrices, and electrolyte materials.

I The second question of key importance to the implementation

of a hydrogen economy is whether hydrogen can be transported safely and

economically in pipelines constructed of low-cost, readily available

materials. This judgment will depend on defiritive technical information

that does not now exist. An extensive program of materials testing and

research should therefore be implemented at an early date on a scale

sufficient to ensure that the necessary information is available when

needed.

The use of hydrogen as a fuel in a wide voriety of equipment

does not appear to pose any insurmountable obstacles, although extensive

materials research, development, and testing programs will be required

to ensure meximum safety, reliability, and efficiency in hydrogen-using

equipment. It is in the area of use that materials projects of highest

relevance to DoD are found. Problem areas of prtifcular importance to

DoD requiring materials support include the use cf hydrogen as an

aircraft fuel, the further development of fuel cells for the direct con-

verrion of hydrogen fuel to electrical energy, and the use of active

metals in high energy density batteiies.

Materials problems related to the storage of hydrogen and of

the other new iuels do not appear to be a pacing factor. In this area,
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items of highest relevance to DoD are concerned with the on-board storage

of liquid-hydrogen fuels in aircraft.

Among the alternative fuels, ammonia poses some problems in the

area of transpcortation and storage that require materials research and

testing. The economic production of methanol from nonfossil sources

may present difficulties but this fuel appears otherwise attractive,

particularly for vehicle use and presents no major materials problems.

In conclusion, we are confident that the materials requirements

for advanced energy systems based on new fuels can be satisfied by a

I program of materials research, development,and testing of the type out-

lined in tabular form in this section of the report, coupled with the

diligent and careful use of e.:isting materials information.

I

I
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Table IX-I

PROGRAM A: EFFECTS OF 112 ON MATERIALS

Reference to
Relates to. Section VIII

Project Activity I Table Role

No. ProJect Description Type Fuel__ Problem Area No. Item. No. tc

A-i Degradation of Mechanical Properties of Aerospace Materials testing H2 fuel supply and hcat 1 1.2.1 Ipii•

Structural Materials in Hydrogen Environments; and inteipretation. exchanger,'gasiiier 1.3.1
S-423'F to 300JF for all types of IL.- 1.4.1

Properties:, tensile, notched tensile, high- and burning gas tuibines, 2.1.1

low-cycle fatigue, fracture toughness, crack hypersonic aircraft

growth, delayed aialure. and rocket engines. _

Materials: Al-alloys, stainless steels, nickel- If 1L1 expansion turbxnes 1 I 1.3.1 "'g

and cobalt-base alloys, brazing alloys,Ti- for aircraft and

alloys, advanced composltes, polymers, rein- j rocket fuel puraps.

forced plastics. 11, If,-cooled turbine 1 1.2.6 Mod

Variables: temperature. R12 pressure. contaminants, colmponents.
I exposure time, strain rate, stress level, stress 1.., Stirling Cycle 1I 6.3.1 Mod

intensity, material composition and microstructure." engines. _

welds. ., Co'npressor corn- 2 1.1.1 Low
-- ponents.

Pressure vessels. 3.1.1

i .1 2.2.1

_-_ 2.3.1
117. Aircraft and space 3 4.6.2 lug

vehicle fuel tanks, -1 6.1.1

- I ------- -I-A air taniker.

A-2 Degradation of Mechanical Properties of Aerospace "Ipterials testing HL. fuel supply and heat 1 1.2.1 RIg

IStructural Materials in Hydrogen Environments; and interpretation. exchanger,'gasIIIer 1.2.26

300'F to 1500'F With Extension to Ifigher Tempera- for all typos of liL- 1.3.1
tures if Required, burning gas turbines, I 1..I.1

Properties: tensile, notched tensile, high- and h~personic aircraft, I 2 1.1

low-cycle fatigue, fracture toughness (where I and rocket engines. j 3.1.1

applicable) crack growth, delayed failure, 1 If expansion turbines 1 1.3.1 -,igI

creep. for aircraft and 3.1.1
Materials: Al-alloys, stainless steels., nickel- rocket fuel pumps. 1____

and cobalt-base alloys, Cb.alloys, brazing 11 Strlng cycle j 6.3.1 odý
alloys, Tri-alloys, Si.S., SIC, advancedl compo- Iengines.
sites, polymers.1

Variables: temperature, 112 preissuz e cont antS, ,

exposure time,strain rate, stress level, l
stress intensity. material composition and

microetructure, weldi. ___
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Table IX-1

PROGRAM A: EFFECTS OF H2 ON MATERIAL3

Relnt~ toReference toRltes to: Section VIII

Table Relevance

Problem Area No. Iltem No. to DoD Priority Remarks

H2 Fuel supply and heat 1 1.2.1 High 1, 2 Continuation and extension of existing programs. See Vol. 1
exchanger/gasilier 1.3.1 Section III for review of current status, and Vol. 2, Tables

for. all types of 12.. I.-1.1 IV-2, IV-3. Priority 1 for hypersonic aircraft,
burning gas turbines, 2.1.1 space vehicles: priority 2 for H2-burning supersonic and

hypersonic aircraft subsonic aircraft.
and rockrt engines.

H2 H2 expansion turbines 1 1.3.1 f HIgh 1, 3 Necessar) data for bafe engine operation. Priority I for
for aircraft and I rocket engine fuel pump drive turbines. Priority 3 for H2
rocket fuel pumps._ expansion aircralt engines.

1:2 11,-cooled turbine 1 1 1.2.6 M1oderate 5 Long-term engine development.

H1, Stirxing Cycle 1 6.3.1 loderate Uncertain Depends on DoD vehicle and small engine policy. High
iengnes. I I industry interest.

H1 Compressor com- 2 4.1.1 Low 5 Likely to be industry activity, but may become of higher DoD

Iponents" _ _ relevance and priority if energy depot concepts pursued.

11, 1 Pressure vessels. 3 3.1.1 Hfigh 1 Needed to establish safety standards.
'I 2.2.1SI __

112 Aircraft and space 3 4.6.2 High 2 Priority 1 for hypersonic aircraft, space vehicles;

vehicle fuel tanks. 1 6.1.1 priority 2 for H2-burning supersonic and subsonic aircraft
air tanker. engines.

H.2 Fuel supply and heat i I 1.2.1 High 1, 2 Priority I for hypersonic aircraft, space vehicles;
exchanger/gasifier 1 1.2.6 priority 2 for H2 -burning supersonic and subsonic aircraft

for all types of H.- 1.4:1 engines.
burning gas turbines, 1.4.1

hypersor.:c aircraft, 2.1.1
and rocket engines. L . 3.1.1-

H2 H2 expansion turbinesl 1 1 1.3.1 THigh 1, 3 Necessary data for safe cag..ne operation. Priority 1 for
for aircraft and 3.1.1 rocket engine fuel pump drive tuirbines, priority 3 for H2

rocket fuel ptenps. i e-pansion aircraft engines.

2 Stirlng cycle 1 63. ilevace and priority depend on DoD vehicle and small
[engines. enin poiy ihidsr neet
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Table IX-1 (Continued)

PROGF.A14 A: EkFECTS OF H, ON 11ATERIAL...

!Reference to
Relates to* Section VIII

Project Activity able R
" "a. Project Description Type Fuel Problem Area No. Item so.

A-3 P dion en% 2on,4e.it Etfects on General Enginca ,,ig Materials testing 11 Fuel supply systems 1 1.1.1 M
*Iatcr~alu, -o0' to +160'F with extension to hiL.,er and interpretation, for industrial com- 5.1.1
temperatut,,s for some applications. mercial, and residen- 6.1.1

Propertjos: tensile, notched tensile, high- and tial equipment, I.C. 6.2.1
low-crcle fatigue, fracture toughness, crack and E.C. engines. 7.1.1
gr*,•th, delayed failure. 112 Process and ancillary 2 2.5.2 Lo

Materi-'ls: low-anJ medium-strenkth steels, plastics, equipment. 3.1.1

reinforced plastics, fiber-reinforced cements. 4.1.1

t Variables: temperature,;2 pressure, contaminants,,31.
exposure time, strain rate. stress level, 5.1.3
stress i,•tensity, material composition and 5.1.4
microstructure, welds. 4 3.5.2

H, Materials of existing 3 1.1.1 In,

pipelines.
H2 Steels for new pipe- 3 2.1.1 1In.

t_ lines.T 4 Candidate nonmetallic 3 2.1.4 In,
pipeline materials. __|

H2 Hydride containers. 3 4.8.1 Moi

11.2 Large and small pres- 3 3.1.1 Moisure vessels (metal). 4 2.1.1
2.2.1

suLarge and small pres- 4 2.3.1 Mo

tanks (reinforced

plastics).

A-4 Hydrogen Permeability Studies: Materials research H2 (a) Stirling cycle j 1 6.3.2 Moi
(a) Of high temperature alloys and permeation- and development. engines. 6.3.3

resistant coatings up to 1500'F and 5000 psi.
(b) Of coatings of Cd, Pb, Sn, glasses etc. at1 (b) Transportation 1.3 L

60*F to -160'F and 1000 to 3000-psi 412. and storage of 4 2.1.3

It, gas.

A-5 Role of Surfaces in Adsorption and Dissociation of Fundamental 112 Use of H. in existing a.s.3

Hydrogen. j research. pipelines.

Study of the effects of surface oxides, sulphpdes
and other comtaminart films on the mechanisms of
hydrogen entry into metals.

L
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Table IX-1 (Continued)

PROGRAM A: EFFECTS Ok H., ON MATERIALS

Reference to
Relates tol Section VIII

ctivity Table Relevance

LType Fuel Problem Area No. Item No. to DoD Priority Remarks

ýIals testing H, Fuel supply systems 1 1.1.1 Moderate 4 Adequate materials can probably be selected for most case

f terpretation. for industrial coin- 5.1.1 on the basis of available knowledge.
mercial, and residen- 6.1.1

tial equipment, I.C. 6.2.1

and E.C. engines. 7.1.1
H2  Process and ancillary 2 2.5.2 Low 3 Materials for some process equipment may require testing

equipment. 3.1.1 at temperatures above 160*F or below -60*F. In most caseý
4.1.1 adequate materials can be selected on the bases of -vailal

5.1.1 knowledge.

5.1.3
5.1.4

_4 3.5.2
H2 Materials of existing 3 1.1.1 Indiroct 1 Indirectly relevant to DoD, but very important to the

pipelines. general introduction of HN fuel system.
H.. Steels for new pipe- 3 2.1.1 Indirect 1 Indirectly relevent to DoD, but very important to the

lines. general introduction of H, fuel system.
H2 Candidate nonmetallic 1 3 2.1.4 Indirect 4 Long-term pipeline development.

pipeline materials.

Hydride containers. 3 4.8.1 Moderate 4 Adequate materials can probably be selected on the basis
• of available knowledgý!.

2I• Large and small pres- 3 3.1.1 MIoderate 2 Higher strength materials will need careful screening for

sure vessels (metal). 4 2.1.1 use at high pressures. Needed to establish safety
2.2.1 standards.

H2  Large and small pres- 4 2.3.1 Moderate 2, 4 Priority 2 for small high-pressure containers for DoD nee(

sure vessels and 4.1.1 (will be relevant to other gases). Priority 4 for large

tanks (reinforced industrial vessels. Latter will probably be done by

_plastics). industry.

- Is research H2  (a) Stirling cycle 1 6.3.2 Moderate Uncertain Depends on DoD vehicle and small engine policy. High
elopment. engines. 6.3.3 industry interest.

SH2! (b) Transportation 3 2.1.3 Low 4 Exploratory study only. If successful, study should be
_ and storage of 4 2.1.3 expanded and priority raised.

H, gotn

ntal H2  Use of H, in existing 3 1.1.3 ow I Previous studies of H2 entry into maetuls have used clean

h. pipelines, (or nominally clean) surfaces. In order to obtain resulti

relevant to practical systems, it is necessary to obtainSan understanding of the effects of surface films on H2

adsorption. dissociation and absorption. This work is

particularly applicable to the use of ff in existing pipe-

ines Wit would obviously have wide general applicability

and iportance-.
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Table LX-l (Concluded)

PROGRAM A: EFFECS n'" H* ON MATERIALS

Reference to
Relates to- Section VIII, __

Project Activity F able C
No. Project Description Type Fuel[ Problem Area No. Item No.

A-6 Metal Hydride Etudies Materials research it, Medium-scale and 4 7.1.3 MU

(a) Studies of H2 adsorption and desorption kinetics and development. small-sLale storage 7.1.4

for candid.ite new alloying systems and modifica- of H2. 7.1.5

tions ,*_ existing systems. 7.1.6

(b) Sttu.dies of cycle life of 112 storage beds as ai

function of: rates and depth of discharge;
design, structure and condition of bed; con-
taminants in the "12. i

A-7 Full-Scale Testing of Pipes with Hydrogen Full-scale mater- H2 (a) Safety of pipe- 3 1.1.2 In

I (a) Sections of new and used pipes (including girth ials engineering line transpor-
welds), typical of existing pipelines, API 5LX testing and inter- tation of 116

Grades 42 to 70,pressurized with pure and con- pretation. in existing
taginated H. at temperatures and pressures (both pipelines. I
steady and fluctuating) corresponding to the most ------

severe service or line-test conditions. Detailed

examination and comparison of pipe and weld
materials before and after 112 exposure. (o

(b) Extension of test seres to candidate new high H,. (b) Specification of 3 2.1.1 I
strength pipe materials. new pipelines for

H2 use.

A-8 IGeneral Materials buppvrt to Engineering Develop- Materials testing H2 Fuel supply systems. 1 1.1 2 Vi

ment ind Component Testing Programs. and evaluation; 1.2.1
3

Testing of equipment,components, required to operate special materials 1.3.1
in H2 environments under actual or simulated con- development. 2.1.1
ditions corresponding to most severe service. 3.1.1
Examination of exposed and failed components. 4.1.1
Materials selection and consultation. Specialized 5.1.1

materials developmeui programs. 5.2.1

5.2.2
6.1.1
6.2.1
7.1.1

S 7.3.1

• 8.11.2

H, Other H2 using 1_I 1.3.1 LVaequipment. ] 2.1.1I

3.1 .1
• 6.3.1

H2 Proess equipment. l2 2 .3.2 Va

sI 3.1.1

I ! 5.1.1
:- - - _ _ 5.1.4

it 2 Transportat ion 3-- 2.2.1I Va

syste~as. 4.7.1IF H. Storage systems. 4 1.2.1 Vl
S 3.5.1

3,5.2

7.1.1
7.1.2
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Table LX-1 (Concluded)

PROGRAIM A: EFFECTS OF 4 ON MATERIALS

Reference to

Relates tot Section VIII

Ivity able Relevance
Fu. Problem Area Nn. Item No. to DoD Priority Remarks

a research H2 Medium-scale and 4 7.1.3 Moderate 2 Applicable to ut:!ity peak shaving requirements and the

lopment, small-scale storage 7.1.4 on-board storage of H2 for vehicles. Continuation and
of 112. 7.1.5 extension of existing programs. Level of effort should

7.1.6 depend on outcome of technoeconomic and prototype studies

(items 7.1.1 and 7.1.' .n Table VIII-4).

Ie mater- 12 (a) Safety of pipe- 3 !.1.2 Indirect I Full-scale pipe testing under practical operating con-
neering line transpor- ditions is needed in addition to materials testing

and inter- tation of I j (Project A-3) determine salet} -,I existing pipelines
in existing for use xith H..
pipelines.

I
I H, I (b) Speci-ication of 3 2.1.1 Indixect I Required iif new pipelines are to be qualified foi 112 Use.

__ _ne_ pipelnes for

testing t1. Fuel suppjLT systems. 1 1.1.2 1 Variable Variable In all programs concerned with the development of engj-
ation; 1.2.1 Ineering or manufacturing systems using, producing, trans-
terials 1.3.1 po=-ng, =r stor-ng hydrogen, it is imperative that ade-

nt. 2.1.1 f quanie mate=ails expertise is available to and used by the

3.1.1 I enigaieerit, staff in order to ensure that costly errors in
4.1.1 materials sel(ztion ano use will not imperil the safety
5.1.1 or reliabi,!_Lv of the equipment.

5.2.1

5,2.2

6,1.1

6.2.1

7.1.1

7.3.1
8.11.2

H2 Other H2 using 1 1.3.1 Variable Variable As above.
equipment. 2.1.1

I ~3.1.1I
6.3.1

R2 Process equipment. 2 2.3.2 Variable Variable As above.

2.5.2
3.1.1

,5.1.1

5.1.4

112 I Transportation 3 2.2.1 Variable Variable As above.
Systems. ,4.7.1

f 4.8.13

H2 Storage systems. 4 1.2.1 I Variable Variable As above.

3.3.1

7,1.1
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Tablc- IX-2

PROGRAV B: EFFECTS OF HYDROGEN CARRIERS AX41V XRT MIMbY oXYG(.ATED COMP

! _- _-Reference to I
Section Y-11

Proiect Activity Re'lstes tot Table 'te:
No Project Description Type Fuel Problem Area No Item No t

IB- Stoess Corrosion Cracking of Steels in Liquid Ammonia.sh i h i
(a) Establish the limits of the phenomenon wih respect , tsic research. NH.. I~uel systems 1

to steel composition and microstructure; stre~ss lor NSit-fueled I
level and type of stressing;, contaminant type and tequ pirent.
concentration. _ 1

(b) Long-term delayed fatigue and fatigue tests 01 Nfaterials test-ag X13 JNIl3 traii-oo:tation 3 I .. 2.1 Un(

Presently used and cand.date materials for Sit, aterpreta- 1.2.3
pipelines, st,,rage tanks and fuel supplo, systems,- t Wn. i2 3.1
as a function of contaminants; steel ,type ct'npo- 4) 2 1

sition and heat treatment; stress level. str'ess 4.---- 2--•- .- L _

inten•sity; temperature;, NH, pressure. I"l'q!. . storage, 2 '-5 1 5 LU-1

I T . 3.6.3

B-2 lull-Scale testing of Pipes with Liquid Ammonia
(a) Testing of sectiunb of now and used pipe inctldll Stt-cl ( ~ a) Safety of pipe- 3 1.2.2 Lo',

girth %%elds, ANI 5LX Giades ,12 to 70, pressur" -ý ,at•ertaJls C11-- line t-ransporta-

with pure and contaminated NHl at temperatures and ,' e'ii• testing ' tion of liquid I
pressures (both steady and fluctuating) coire- and -ntorrpreta- :N411 in existingc
sponding to the most severe servico or ine- tion pipelines.
tesy conditions. ','I! (b, Specification of 3 L.3.

(b) Extension of test beries to candidate ueu nigh pipe' ines, trsins- 1 4.2.2
strength pipe materials; and transportation or portation and 4 I3.6.3
storage tank materials. storage tanks for;

_____ liquid-Ntt, use.

B-3 Ilydra/ine Compatibility Studies.
Development and testing cf I.ighly inert materials or ,aterialt oveop- N).0,- .n, term sx2rage 5-3J- Mood
coatings for storage of hydrazine for pe:ioda up to ment and testing I.Ndrazn to

10 years. Long-term compatibility of elastomeric chemical ".'edges.
materials for seals, expulsion bladders, d.aphragms design.
and hoses.

B-4 Carbon Monoxide/Metal Interactions at High Pressures.

Tensile.notched tensile. and fatigue teSts of new and Mtaieras te'ii-• 't \ rala d~s twsisteat 3 W%
used pipeline steels after long-term exposure to high- and intu.prep4a- PCIe.
pressure pure and contaminated CO to establish i- any tmýn.

1deterioration of their mechanical p erties occurs. I . --



TablL IX-2

B]FECTS OF HYDROGEN CARRIERS AND PARTIALLY OXYGENATED COMPoAUlS ON MAT&RIALS

Reference tu
Section VIII

Relates tot Table

Fuel -Problem Area qNo -Item No to DoD PrioriLty _ __ Rewarks

rch. H. ituel supply systems 1 1.5.1 Uncertý.in 5 Relevance to DoD depends on decisions concerning energy
,for NH3-fueled depot concept and choice of fuel. Priority would beequipment. raised if M.• selected for DoD use or as general civilian

n transportation. 1 1.2.1 UncertainExiqtng unsolved problems of importance to DOT and
eta- t 1.2.3 :ndý_stry.

12.3.1 W!l be important for any general use of NH3 as a fuel.
I ,4.2.4 2.

NH • 3 storage. 5.1.5 Uicertai Priu. t' would be raised if higher strength steels were

S 3.6.2 nreeded -storage vessels.

N'H (a) Safety of pipe- 3 1 2 2 Los 3 Also needed to assuie safety of NH3 pipelines for nonfuel
engi- line transporta- !uses, and set maximum operating conditions. Priority

t:ing tion of liquid based on t•i.i need.

-eta- Nfis in existing
pipelines. I

:•N {• ( ) p cl4a.• o 2 . 2. un oe rt i lCho ice o f materi~ ls w ill depend on results from project B -1

I pipelines, trans- 4.2.2 uncertain

portation and 4 3.6.3storage tanks forli

liquid-NH, use. I

evelop- Nl1,11ong term storage 4 5.3.1 loderate bncertain Compatibility cf mater-is with hydrazine is more limited

ng; ,of hydrazine. to high ny effects of maier~als on the decomposition of hydrazine
•es. Ithan by the effects of h-d,-azine on the materials.

-i -I

testlnv CO Materials of existing 3 1.3.1 Loa 5 Priority %ill increabe it genera) use o! CO fuel is
ta- pipelines. projected. %ork should be ezi-ended te new pipeline

materials if any deterioiatieo of properties of existing
i p..Aipeline szeelF is discoveret.



Table IX-3

PROGrAM C: EFFECTS OF OXYGEN (BY-PRODUCT) ON MATERIA!

Reference to

Section VIII

Project Activity RelaLes to Table Re]

No Project Description Type :uel Problem Area No. Item No. t(

C-1 Mechanical Properties of Metals in High-Pressure Oxygen.

Studies of the effects of loug-term exposure of metals Materials research. 02 Oxygen pipelines and 3 2. oc
to high-pressure pure and contaminated 02 on their storage vessels. to

maechanical behavior and surface condition, Mechanical
tests should include crack-growth rates and high- and

I low-cycle fatigue.

-2 Ignition Hazards in Oxygen Pipelines.

Determination of ignition hazards for pipeline steels Materials engi- 02 Safety of oxygen 3 2.4.1 Moc

in actual or simulated pipe configurations and con- neering~testing pipelines and 8.2.1 to

taining surface cracks or flaws, when subjected to high and evaluation, storage vessels.

stress rates, impact, or fatigue in the presence of

high-pressure.pure or contaminated 02.

'-3 Materials Support for Engineering Studies.

Supporting studies of materials aspects of engineering Materials con- 02 Feasibility of large- 1 1.4.2 Mod

and system design, hazard analysis, economic analysis. sultation. scale 02 transporta- 3 2.4.3 10%

tion. 2.5.1

4 8.2.3

8.3.1
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Table IX-3

PROGRAM C: EFFECTS OF OXYGEN (BY-PRODUCT) ON MATERIALS

Reference to

Section VIII
Ity Relates to Table Relevance
_ _ Fuel Problem Area No. ItAm No. to DoD Priority Remarks

"a research. 02 Oxygen pipelines and 3 2.4.2 Moderate 3 Apparent lack of fundamental knowledge concerning possible
storage vessels, to low effects of long-term exposure of metals to high-pressure

oxygen. Rolevant to existing as well as projected oxygen

usage. Priority based on existing and future usage.

"a engi- 02 Safety of oxygen 3 2.4.1 Moderate 3 Needed to confirm safety of 02 transportation a.id storage
-testing pipelines and 8.2.1 to low systems. Relevant to existing as well as projected oxygen
uation. storage vessels. usage. Priority based on existing and future usage.

con- 02 Feasibility of large- 1 1.4.2 Moderate to 2 Large-scale 02 pipeline and storage system might be an
scale 02 transporta- 3 2.4.3 low important aspect of the overall hyorogen economy. An
tion. 2.5.1 early technical and economic judgement on this question

4 8.2.3 is desirable. See Table IX-1O, Program K, Project K-2.

8.3.1
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Table IX-4

PROGRAM D: HIGH-TIMPEPATURE MATERIALS STU

Reference t

Section VIII

Project Activity Relates to- Table

No. Project Description Type Fuel Problem Area No. Item N

D-1 Reactions of Water Vapor with Metals and Ceramics at
High Temperatures

Fundamental kinetic studies of reactions of high Basic research. H2  High-temperature 4!om- 1 1.2.3

H2 0-content environments with candidate gas ponents of gas tur- 1.4.3

turbine materials, including S1 3 N4 , SIC, Cb alloys, binns, scramjets, 2.1.1

and oxidation-resistant coatings. MMiD systems. 4.1.1

D-2 CreepFatigue and Oxidation Rebistance of High-
Temperature Materials tn Hydrogen Combustion

Gases

Determination of high Lemperature mechanical and Materials testing H12  Hligh-temperature com- 1 1.2.4

environmental endurance of present and candidate and evaluation., ponents of gas tur- 1.4.3

future gas turbine materials in actu-l or simulated bines, scramjets, 2.1.1

H2/air and H,/0 2 combustion gases. Ma erials to be M•iD systems. 4.1.1

tested should include Ni- and Co-base superalloys,

Cb.alloys, dispersion.strengthened alloys, pro-

tective coatings, SiN. and SiC.

D-3 Erosion-Corrosion of High-Temperature Materials

in High-Velocity, High-Temperature Water
Simulation and investigation of combined effects of Materials testing H12  Watercooled high-tem- 1 1.2.1

erosion and oxidation/corrosion expected if higa- and evaluation. pcrature gas turbine 1.4.2

velocity water is passed thro,:gh cooling channe)a or H2 /0 2 combustion

in gas turbine combustors, vanes or blades, or components.

other H2 /air or H, /0 2 combustion systems.
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Table XX-4

M W• -•A D: HIGH-TEMPERATURE MATERIALS STUDIES

;•- Reference to

Section VIII
Relates to-. Table RelavanceProblem Area .Refere No. to Do j Priority Remarks

H2  High-temperature com- 1 1.2.3 High 1 Basic informution needed for use of K2 as a gas turbine
ponents of gas tur- 1.4.3 fuel. High temperature HNo reaction with St2N4 ad SiC
bines, scraejets, 2.1.1 likely to be important for present studies concerned
MiD systems. 4.1.1 wit, use of these materials in large and smaal1 turbines.

Basic studies will guide further materials and coating

development.

02  High-temperature com- i 1.2.4 High 1 information needed for use of H2 as an aircraft luel.

ponents of gas tur- 1.4.3 j Project entails expansion of existing Fas turbine
binos, scranJets, 2.1.1 materials R, D, anI T programs to includle modified

I8 systems. 4.1.1 environment due to the change of fuel froM hydrocarbons

to H2 .

H2  Watercooled high-tem- 3 1.2.5 LOW 4 Iedfor project depends mainly on demonstration of th-i
perature a-a turbine 1.4.3 lengineeri ln feasibility of *-ater cooling for hot com-
or 112/02 combustion 3.1.2 Iporents of stationsry or marine H2/iir or H,/05 gas
components. Iturbines. Lo.S-Iifo nozzles for H,/O, rocket engtiSO

any have rulated erosion-corrosion problers, but

endurance requji.:ed As very different.
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Table IX-5

PROGRAM E: XITERIALS FMOR qFRVICE AT CFY(*ENIC TEMIPI

p IReference to
Section ViII-

reject Activity Rtelp-Ctes "oTal
Project I- j al
KNo. Project Description __Type Fuel Problam Area No. Ite- No.

Projects A-1 and A-2 include the weasurement of the

mechanical properties of materials in I1, envirouments

at temperatures down to -423*F. At this temperature,

the effect of H, environvtnts on the mechanical bei'avior

of materials is likely to be less important than the
influence af temperature. The lo-w-tempeerature data from

Projects A-1 and A-2 will therefore contribute to

ProgrLm E.

E-1 Properties of Materials at Cryogenic Temperatures

I Determinaeion of physical and mechanical properties of Physical and H,  Liqnid 112 pipelines, 2 4.1
metallic, polymeric and composite materials at cryogenic mechanical Liquid transport and 4.1.3
temperatures as required to support: testing and storage vessels, 3 2.2.1

* Engineering design and development of 1H2 liquefaction iiterpretation. transfer arid 4.6.2

equipment, liquid It, pipelines, transportation and delivery systems. 4.7.1

storage vessels, and transfer and delivery systems. 4 3.3.2
0 Materials development of low-expansion composites. 3.3,3

f taterials/engineering development of insulating 3.4.1

mazeriats. 3.5.i

6.1.1
6.1.2

6.1.3
6.1.4

6.2.1

E.-2 !Development of Low-Expansion, 111gh-Strength, Light-

Weight: Composites fre- Liquid H1ydrogen Fuel Tanks and

_Transier Piping

Development of polymeric composite materials and Materials 1.. Aircraft and )ther s 4.6.2
8trncturer* using selected contiolled orientations of developmont. Liquid lightweight liquid
graphite or advanced organic fiberi to ,orov-de hydroeon trjb and

low or zero expansion coeffieientq and low tnermal pipin.

conduýtivity in high-strength, stiff, light struc-

E-3 Develt.ppent of Improved Cryogenic Inselatien
Ma•terials; and .3ysceas
Mste,*ial n dev~lolnent support to e.gineering devolojp- .Materials H4

met of imprw.)d nlternai and external ln.iulatlx. fo- development. Liquid a) bulk or transpar- 3 4.3.1

(a) Iarrnved iowst i•ult t%-n ayste'.s for Valk talies storage of 4 3.5.

I liquid -L' Stornage systsf~s. 12 iU4
01(b) .su•--Iton systems ror circraft nnd sapco vehicle b) Aircraft atd 14 6.4.

1l.ttti hydvo•en tanks able to !unction with hot- rpvco vehicle 6.3.1
lq:t" fuel 1

face tenpar r oI 1809, 350"' and 6500F. l i l fe2 6.4.1
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TAblo IX-5

PRtOGRAM S- M iATERIALS M SRV~I~CE AT C±RIWEVIC :8KMiW)ATUA&O

Peforenee to I-
I Section VIf j

V _____ atO9 t -- 'IT~,1e Iteievazice
NFbIO. Aea A-t No. ItA~.Ito WOU Pr±.,rit

112 Liqmd H,, p~pelirnes, 2 Wrt lz-be irk Wated to Arrfz1,Lzuid H.fuel. zani' aeil

Liquid transport an 4.. tohg sa p.llcn,. to Do;) and high prxority (Items4-

delivery systems. 1.7.1
4 3.:.

3.5,3 I
6.1.2

6.3.1 _____________________

12A~rcraft 3te .. 2 Hg Ltkelj to be :elativ.ly h:'g)ý-ceaat matetkal. Low-.
T,.ut x~it ether liqui 2 3xpanslou ro ga.c tank "ate.jseis xedueci ll-ow

Ay r ige dza 4.6.n stresses in' t~rka ru. Rmaociated rtructure.See

'P4.ptg. IJalav ui.1. IX-13, Proje±ct .J-'a(c).

Liquid (a) ]ut -tnso 5 .11 ActO 3 Plvl to DOD storftg of I squ~id Us Aireraft lýt.*

taton-j 4 3.5.1

(W, Aircroftad 4 Z27 UI 1.1 2' m-i:1ion -rovrax~ts ire dependent on vehicle
4spgce 0eil .3.1 d" sigsi detai1li.lisi 1It. fIujel



Tablsý IX-6

PitOGIRAM F: MATERIALS FOR FUEL CELLS AND ELECTROI.YZE

Reference to
Section VIII

Acti ityRelates to.T•: At IyTable I"

S. ' obeProject De-uc-ription Type Fue. Problem Area .. o. Itcm No.

MImproved Noble Mtal Electrode Catalysts.

olibxe metal electroc.talysts %ith high activity and Materials and H2 (a) Fuel cell efri- 1 8.1.3
stability a: lower caialystn loadings 1or: engineering uMea~y and cout. 8.2.1

(a) Alkrltne and acid fuel cell cathodes. development. e

(b) Solid polyrei eloctrol)e eloctrolyzer electrodes. (b) SPE electro- 2 2.2.2 H:
I yzers.

F-2 Nnnoble Muial Electrode C-atalLts.
Nonnoble meta; cotalysts with high activity and Materials and fit 1(a) Fuel cell effi- 1 8.1.1 Hi

high chemical t.:d plihrsiral stability st iC- 13CC for: engineering ciency and cost. 8.1.2

(a) A~kalino an- adcio fuel coll cathodes and/or development,' 8.2.2

aiiod.as. and alk."line elecirlyze- electvodes. 2.1.6

(b) Molten carbonate fuel cell elec:trodeo. 1(b) Molten carbonate 1 8.3.1 Lc
I fiel cell lif,4.

(c) 3olid eol;l-r elv.ýctrilyte ele .'zer electrodes. Ilc) SPE electrolyzers. 2 2.2.2 Hi

S-3 dcGci.eal Eleet.ocntal.st StUjleresc

(a) Fuidamcntal studioe- of the mcchanlsin of elcc- Basic research and Various (a) Elet, 'ocLtalysis. 8.11.3 Hi

trocatalysis. screening sludies.

(b) !easurement of singlo electrotle characteristics
of candidate clectrocatalyst materials. (b) Electrccatalyst 1 8.11.4 HI

Sselectio,. t
,-4 ýPiiS•--t*al Purpose 1ýlcct,orcatalys. !

(a) Higher kctivity anode ca~alyst and selective Catalyst Moth- (0) Direct methanol 1 8.5.1 Mc1F 4 tpccda P :::cat :.f for methanol fuel cells. develop1ent. anol f uelcolq. 8.5.4

(b) Eloctrw.j.talvsts .hht nould petmit the direct (b) Electrolytic 2 8.5.1 140

elactrolyt'.c p:-odu.tion of "thal.ol. production ofL.I i e' "nol. I
0 .Slcct..,c anode and cathode catalysts to .'educe ,zdra (f- : ,lyadrazino fuel 1 8.1.1 MO

par.asitic reactions it, hydrazine ý'%cl ceols. nol cells. 8.7.3

(d) t~t-trocatalyists for regener-4tive fuel cells ttat 1 2 (d) Regenerative

are tznýe7:litivo tv potential cycling. 1--2fu)cis.8.0.-M

(W Anode catalysts WIth inrro.ved ong-term activity mHf (0o Direct NH3! luei i . 8.3.1 Lo

for direct armvenja fuC cells. ' cells. .

wEloctrode 'later-als on"1 3tructurc Development.I
(00 )marovc-d hidro hobic nily.er bonding materials for Materials and t *(a) Alkaline fuel IHi

al,~alino fueM- cells fir service > l5O'C. Hn2nrn cca) elklecnoe .f___ 1 ___

1 (h1 leppoved ga*-Olifusitm electrode s:ructurms with developmept. (b) Alkaline filt 1 8.1.: 'M0

controlled porosity foer alkaline fuel calls. 5 [)cell olectrodea.

(0) Higrh surlatce area electrodes for alkaline Ie- -() Aikaline electro-j 2

t lyaci's.
0d) C•ramics 1hat can centrol wetting angle in .aollen (d) Molten carbonate q 1 - .3.2 Lo

carbonate luel fuele. [ fuel cells. I _

(e) Mat-.rials that can control wetting angle in direct leth- ()Mthanol •uol 1 8.5.3 g
methanol luel coll. !n an. , cells. [

(f) "Nal. function~ clectroilm structures -)i duail elue- 112 $1) Regenerative 8 1 .1.
trode s.tructures for regenerative fLol cells. I !}uel cells.[ H.I0"3

(g) Electroden oaterials and conductors with improved 67.)Atd at|A alkaline 2

corrosion resistance. 2.4i ctrolyzcre. , 2"4"1 ±
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:• Table 1X-6

PROGRA! IF: MATERIA•", FOR FUEL CEL•A AND .'LjROl.YZERS

- Reference to
• t etonVIII

R el_ _ t e s t o ! _ _ _T__I_ 
_

vity~~ Talelevsnce•Pe FuelI ?oblem Area uu No." i1co Ne . to •Do Pri-''•ority. Remrkas

av and 6 (a) Fue a cell effi- 1 Hegh 2 Lower noble metal loadings needed to reduce cost and

PIng ciency and cost. 9.2. resource availability. DoD may be able to accept hi&h

nt I I loauings for critical applications,
S(b) SPE eliýctro- 2 2,2,0 hgh, ,I As above.
Slyzers. I _- ,

Sand (a) Fuel cell effi- 1 8,1,1 High I fficient nonnoble metal electroe systems are needed tc

•ng c aency ad cost. 3.1, reduce cost.I t., 8o2.?

(b) Molten carbonate 8,3,1 Lw 4 Most readily applicable to fossil Iael refoi&ates.

fuel cell life. I_ _

(c) SPE electrolyzers. 2 2.2,2 High 1 --I Nonnoble metal catalysts needed to reduce cost.

search ane Various (a) Electrocatalysis. 1 8ol, i|igh 2 Long-range basic studies necessary to provide sound fund

studies. mental basic for theoretical understanding and future

I___I advances in fuel cell and electrolyzer technology.

(b) Electocatalyst 1 8,11.4 High 1 Provide essential basis for empirical selection of can-

-selectioL•. - .__ didate electrocatalysts.

Meth- (a) Direct methanol 1 8,, Moderate 3 Methanol fuels cells would be of greater importance to

nt. anol fuel cells.8_4__ 8o5,4 DoD if methanol were adopted as . general vehicle fIel.

(b) Electrolytic 2 8-, ;,lT oderate 4 Conceptual pracess. Exploratory study may be worthwhile

production of

__�___ mathanol. .__ _

Hydra- (c) Hydrazine fuel 1 8.7,1 Moderate 2 Would improve efficiencies of hydrazine fuel cells.

zine - cells. 8.,3 _-

H, (d) Regenerative

/ fuel clls. 1orate 2 Regenerative fuel cells offer possible electric power
M./_2 fuel cls I --- btorage system.

xH3  (e) Dirtct S113 fuel 1 8.81 Low 4 Relevance to DoD and priority could increase if energy

S( ells. I depot concept with NH, fuel was developed.

and 1 (a) Alkaline fuel 1 8.1.4 High 1 Higher temperature operation would increase efficiency.

ng cell electrodes...... .

nt. 1(b) Alkaline fuel 1 8.1,5 Moderate 2 Alternatives to polymer bonded atructures in (a) above.
S~cell electrodes.,.

j(c) Alkalinoeclectro- 2 2.1.5 1 '0 )dorate 3 Would reduce electrode overpotertials.

lyzers. - -- ,---- -_

(d) Molten carbonate 1 8.2* loo 4 Equivalent of hydrophobic electrode structures used in

fuel cells. _ _ alkaline fuel cells.

oleth-- ) Methanol fuel 1 8 5 l oderate 3 Needed to control methanol cross-over prnblem.

anol cells. ______________________________

H2 (f) Regenerative 1 3.10,1 oderate 2 Alternative to electrocatalysts that are insensitive to

fuel cells. 8.10 1 potential cycling, Project F-4(d).

(g) Acid and alkaline 2 2.1,1 Low 4 Loger life electrode structures.

_ _ectrolyzers. L
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Table IX-6 (Concluded)

PROGRAM F: MATERIALS FOR FUEL CELLS AND EICTROL1

Reference to

Relats toSectio't VII i J
Project Activity- ele tot Tab.e

No Project Doscription Type Fuell Problem Are& No. Iten No.

L.6 Improved Matrix (Diaphragm) Meaeri-,.e

(a) Low-cost, compact, high-conductivity matrix Materials and H2 t,-) •.%trix .mate-ials 1 8.2.6

materials for alkaline fuel cell-i and engineering i,or higher tuv- 2 2.1.2

electrolyzers, able t' operate above 150'Z. d*,velopment. peratur•s in 7.1.4
I atk•'. n• lec-

tyeljzers. ____

(b) Improved ion-exchange membranes for akkaline -(b) )Matrix -Vste for 1 8.1.7

and acid fuel cells. fuel Celli Iad

(c) Ceramic matrix materials with €ontrnllsd (c, molten carbonate 1 8.33

porosity and improved resistance to thermal fuel cells. --

cycling Vfor molten carbonate fuel cell. 
W(d) Matrix materials imperviour to methanol, cth-(

Finol calLS
(e) Matrix materials impervious to hvdrazlr.s. I'vdrq-- (e) Hydratin.j fuel 3.7.2Inr cells. U.
Wf Thin, stable, high-conductivity matrix materials Wincirgarnic solid 1 8.4.1

for incrganic electrolyte fvel cells. el ctyolyto futl

- cells.

I-7 Ion-Conducting Propertlcj of Solids. I
(a) Inorganic solids with ion-conditztiag properties Bas;¢ research 16 (a) Inorganic solid 1 8.4.2

at moderate temperatures, and materials electrolyte fuel 2 1.3.1

developaent. tells and elec-

I trolyzers. - ' -I(b) Low-cost, solid polymer electrolytes with (b) SPE electroly7.ers 2 U.1-"k

higher temperature capability. high ionic I

conductivity, good nechanical anc chemical
stability.

F-8 Other Materials oi ',onstruction. |

S (a) Cell materials %;Ith matchin--- eoefficIG.ts of Materials and H2 (a) High opera-'lug 1 31-L1.

expansion, seals, electrical contact materials engineering tep.xature. 2 2.3.2

for inorganic solid elbctrolIyte lual cells and development. ---
electrolyzers_ _rl _2

(b) Higher temperature, 1ca-cost fr)ae materials for (b) Alklirne elec- 2 f 2.1.3

alkaline electrolyzers, md low-cost cothods of trolyzers,
fabricrtion.
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Tnbioe UX-6 (Conciuded;

-PGRAM FY MATEW&S FOR FUSL CULIL, AND ELECTROLYZERS

rUei~erence *
Section VI1

Rlates to• tbe w rSy • .. 'Table R'dIJv,•C'e

Fuel Problem A? 4a SCI.. Item .4o. to DoD P'riorityl Remarks

11. atrix uterif.1 1 8.1.6 High I A key item In increasing the efficiency of ilkaline fuel
for higrei 'am- 2 2.1.2 cells sun alectrolyzers.
per.turjs i. 2.14

alkaline Olec,-
troLyzers.

(b) Matrix systems I-r 1I .1.7 NIoderate 3 An alter.atlve to oletrolyte-retuin-ng *atrIx materials
I fuel cells and (a) ubove.

elect ,yrs --- Pest-
W() Hfoltea carbonate 1 -8.33 materials have lis'lted life.

fuel cells. __ __ _ _ __ _______ _ _

)Ietb- (d) Methanol fuel 1 8.5.2 j kerate 3 Wc~uld control mothanol crous-over.
4nol cplls. _ /
Yr- W Hydrazine fuel 17 ".7.-2- od•r.te 3 |ould c-ntol hydrazine crcss-over.

U:: ino::::i til~d I 8-'l ! Low 5 ' Lower temperature cells (See Project F-7(a)) would b

elctolt ju preferable.
celils._____ _____

aael e..trolyt.e f-Wl 2 2.1.1 to reduce Dperating tcaperatu-u of inorgani- solid

colls and olec- electrolyte fuel cells and electrolyzers.

(b) SPE electrolyzers Moder ce I Hlighe. efliciency and reduced cost SPE electrolyzers.I•()S•el¢rlzr 2 2.1 4oerc

14 1a) High operating 1 9.4.1 Low 5 Lower t-lapdrAture systems generally preferred. Project
Otmperature. 2 2.3.2 F-7ta) could increase the importance of inorganic solid

___________ clectrolyte systems.

trolyzers. increases in electrolyznr te-poratures (See Project F-2(a)

I land F-6(a)) would need corresponding imiprovemonts in
___________frame materials.

I

S•IX-33



F• Table IX-7

PROGRAMI G: MATERI•ALS FOR HIGH ENERGY DENSITY BATTA'ER

Reference To

Relates tot j Section VIIIPojct Activity ITableiI
No. Project Doscription Type Fuel Problem Area No. Item NO.
(2-1 Shape Change in Zinc Electrodes. A iT

Investigation of dendrite growth and methods for Basic matorials Zn All electrically 1 9.1.1 Hi

controlling It. research and [rechargeable Zn 9.3.1engineering bt~teries. 9.4. 1

__________,_________________ 'evel Opeont. •____ ________

G-2 Ion-Conducting Solids. 
Ieeopet

(a) Optimization of 9-alwnina electrolyte composition Materiuls Na (a) Electrolyte for 1 L.10. 1

for Na/S Ibattery for improvnd conductivity, and research; ceramic Na/S battery. ___£--

chemical, thermal and mechanical qtability. processing.

(b) Search for new ion-conducting solids with good Various (b) New battery 1 9410.2 HJ

conductivity at moderate temperature. systems. 9.AI.1

lic) Improved cation and anion exchange membranes. Various (c) Nowl batteryi.l 1 i

t l r yssystems.u

(a) Du4l function, or two separate catalystz for 02 Catalyst develop- Zn Charge/discharge 1 9.1.2 HI

evolution and 02 reduction. ment. efficiency of Zn/
, air, Zn/On batteries.

()More active Cl. ele,:trode suvjstrste for Z:'/l.. Materials Zr. Polarization of Cl. 1 9.4.2 W.
battery. developmc t. electrode. __

4 Mýaterials Compatibll'.ty uit.i Batter" Environments. Materials Various Battery design and 1 9.2.1 V;
M9atetials support for the solution of battery design development construction. 9.5.1

and corsatruction problems according to specific and selection. 9.5.2
battery requirements. Includes: probleits ef corro-- 9.6.1

stop by CQ., molten salts, liquic; metals, and 9.7.1

sulfur; materials with matching expansion ccfftcients; 9.7.2
materials for czses, seals, electrical fiedt,'iuughs, 9.7.3

current collect,)rs, electiical insulators, separacors, 9.7.4
etc; thermal insulation; electrode and diaphragm 9.7.5
ranterials. 9.7.6

9.8.1

I9'9.9.1
_ _ _ _ _ __ _ __ _9.11.1
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Table IX-7

PROGRAM G: MATERIALS FOR HIGH ENERGY DENSITY BATTERIES

- - Reference To

Relates to- Section VIII

Ptovity Table Relevaace
K!Type Fuel Problem Area No. Item No. to q_ Priority Remarks

baterials Zn All electrically 1 9.1.1 High 1 Future of Zn/air battery depends on solving shape-change

Sh and rechargeable Zn 9.3.1 problem in Zn electrode.

ng batteries. 9.4.1
•nt.

Ti Na (a) Electrolyte for 1 9.10.1 Moderate 2 Needed for improvement of efficiency and lifb of Na/S

•; ceramic Na/S battery. battery.

1ng.
Various (b) New battery 1 9.10.2 High 2 Cont:nuation and extension of work in progress. This

systems. 9.11.1 project is related to Project F-7 and might be combined

I with it.
Various (c) 'aw battery 1 9.11.1 1Hgh 2 Cantinuation and extension of work in progress. This

systems. project is related to Project F-6(b), and might be coia-

_bined with it.

develop- Zn Charge/discharge 1 9.1.2 High 2 Needed to improve battery efficienc: and reduce catalyst
efficiency of Zn/ loadings.

__ air. Zn/10 batteries.
a Zn Polarization of C1 2  1 9.4.2 Modprate 3 Needed to improve power density.
nt. electrode.___

a Various Battery design and 1 9.2.1 Variable Variable Materials requirements are generally specific to particu-
t construction. 9.5.1 lar battery and materials. R, D, and T should generally
tion. 9.5.2 be undertaken as intelral part of battery programs,

I 9.6.1 rather than as independent, materials-oriented studies.

9.7.1

9.7.2

9.7.3
9.7.4•i ; i9.7.5

9.7.6

9.8.1
_ I _ _9.9.1

... 9 1.1
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Table IX--8

PROGRAM H: CATALYSTS (FXCLUDING ELECTROCATALYI

Reference to
Relates to: Section VIII

Project Activity Table _

No. Project Description Type Fuel Problem Area No. Item No.

h H-1 L___.g-Life Hydrazine Decomposition Catalyst

Fundamental studies to elucidate mechanism of deteriora- Catalyst R and D. Hydra- Hydrazine rocket 1 3.2.1

tion of iridium catalysts and alumina substrate; zine engines. 3.2.2

development of improved, long-life, mixed-metal
catalysts.

H-2 Combusion Catalysts.
(a) Fundamental studies of mechanism of the catalytic Catalyst R and D. H2 (a) Catalytic combus- 1 7.2.1

oxidation of hydrogen, e.g., by transition metal tion of 1k2 for
carbtdes. s5ac- and water

heating.
(b) Development of low-cost, long-life H. oxidation (b) Catalytic combus- 1 7.2.1

catalysts that are resistant to poisoning by tion of H2 for

contami~iants. space and water

heating.
(c) Development of low-cest, long-life, htgh-activlty NH W (c) Catalytic combus- 1 7.4.1

catalyst for oxidation of INH23 to N2 + H12% without tion of NH3 fox'
formation of NO - space and vaterx

heating.

(d) Development of improved catalyst for dissociation ,NH3  (d) Dissociation of 1 7.3.1
of NH3 '. NH3 for improved

combustion and/or

reconversion to

(e) Developnent of base-metal catalysts for oxidation CO, ie) Catalytic combus- 1 7.6.1

of CO and methanol. methano tion of CO or
methanol for space
and water heating.

H-3 Reversed Shift Reaction Catalyst.
Develoment of catalyst for reversed shift reaction Catalyst CO. Productior of CO and 2 8.3.1

for production of CO (and methanol) by hydrogen development. methane methanol from non-
zeduction of nonfossil CO2 - Ifossil sources.
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Table IX-8

PROGRAM H: CATALYSTS (EXCLUDING ELECTROCATALYSTS)

Reference to
Relates to: Section VIII

L lvity Table Relevance

1ye Fuel Problem Area No. Item No. to DOP i Remarks

t R and D. Hydra- Hydrazine rocket i1 3.2.1 High 2 For small, long-life hydrazine monopropellant control

zine engines. 3.2.2 and accessory rocket engines.

_t R and D. H, (a) Catalytic combus- i 7.2.1 Low to 3 Would provide fundamental basis for Project H-2(b).

tion of H. for moderate
space and water

heating.
C(b) atalytic combus- 1 7.2.1 Lwto 3 Would permit efficient, low-temperdture combustion of

tion of H2 for moderate 112 for space or water heating, in many cases without

space and water the need for venting combustion products.

heating.

NH3 (c) Catalytic combus- 1 7.4.1 Low 5 Relevance and priority ratings would increase if energy

tion of NH3 for depot concept wab developed using NH3 as the fuel.

space and water
heating.

NH3  (d) Dissociation of 1 7.3.1 Moderate 4 For several applications of NH3 as a fuel, including

NH3 for improved direct combustion, vehicle engines, and indirect NH3

combustion and/or fuel cells. Work may also relate to improved NH3

reconversio." to synthesis catalysts.

CO, (e) Catalytic combvs- 1 7.6.1 Low 5 Relevance and priority ratings would increase if energ3

methanol tiun of CO or depot concept was developed using methanol as the fuel.

methanol for space Priority would increase if methanol was generally

___ _F and water heating. __-_---_ adopted as nonfossil liquid fuel.

CO, Production of CO and 2 8.3.1 Low 3,5 Needed for economic production process if CO (priority

ent. methano methanol from non- or methanol (prior.ty 3) adopted as general funis.

fossil sources.
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Table IX-9

PROGRAM J: MISCELLANEOUS MATERIALS DEVELOPMENT AND FAB

Reference to
Relates to: Section VIII

Project Activity Table

No. Project Description Type- Fuel Problem Area No. Item No.

J-1 Fabrication of Components for Advanced Gas Turbine

and Rocket Engine Cooling Systems.
(a) Materials engineering support for the design and Materials engi- H2 (a) Higher H2 combus- 1 1.2.7

development of advanced cooling systems for H,/ neering. tion tempera-

air and HN/oxygen fuelod gas turbines, combus- tures.

tion chambers, vanes, and blade3.
(b) Materials engineering support for the design (b) High-pressure, 1 3.1.2

and development of cooled, long-life, rocket very high-tem- 1.4.3
engine combustion chambers and nozzles. perature environ- 4.1.1

m sent.

J-2 Fiber-Reinforced Cements and Concretes.
Further development of cements and concretes rein- Materials and Various Large pressure vessels 2 5.1.3
forced with glass fiber or chopped steel wire for engineering and storage tanks. 2.4.1
large pressure vessels or storage tanks. Materials development. 3.4.1
may also be polymer-impregnated.

J-3 Vented-Lining Type Construction for Hydrogen Materials and N Pipelines and storage 3 2.1.2
Pressure Vessels and Pipelines. engineering tanks. 4 2.1.2

Vented-lining design used fir high-pressure process development.
vessels for hydrogen service could provide protection - -

of pipeline and storage tank materials from H2
environments. This method might be economically

feasible if low-cost manufacturing and assembly
methods could be developed.

J-4 Fabrication of Fiber-Reinforced Composites.

ta) Development of low-cost,rapid, on-site methods for Materials and Various (a) Pipelines, pres- 3 2.1.5
fabrication of large pressure vessels, pipe, and engineering sure vessels, 2.3.2
storage tan:%s, development. and storage 3.3.1

IV___ tanks. -
(b) Rapid, low-ccst methods for mass production of P gas (b) Small containers 3 4.1.1

small and medium size high-strength, light- H liq. and associated 4.7.1

weight pressure vessels for highepressure gas of3 liq, transfer and 4 4.1.1
wtorage, and insulated cryogenic storage of delivery piping. 5.2.1

liquid H2, liquid N`H, et'.
(c) Deelopment and fabrication of special low- or H2 lq. (c) Aircraft and space 3 4.6.2

zero-expansion composite materials and structures vehicle tanks;
employing controlled orientations of graphite or transfer and

_ advanced organic fiber reinforcements. delivery piping.

J-5 Friction and Wear in Gasetus and Liquid Hydrogen.
Study of friction and wear behavior of metals sad Materials 12 H2 compressors and 2 4.1.2

plastics in gaseous and liquid hydrogeh. Develop- research and pumps.
ment of Improved materials and materials combination:. development.
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r Table IX-9

PROGRAM J: MISCPLLANEOUS MATERIALS DEVELOPMMET IND FABRICATION

Reference to
Relates tc Section VI:I

ty Table Relevance
Fuel Problem Area No. Ijtem Ne. to DoD Priority Remarls

ongl- H- (a) Hi&Lcr ;4 combus- 1 1.2.7 High 1 Development of advanced cooling methods is likely to
tion tempera- make the principal contribution to the use of higher
tures. combustion temperatures in gas turbines. This work

__would extend existing development programs.

(b) High-pressure, 1 3.1.2 High 1 Present application is for long-life, re-usable rocket
very high-tem- 1.4.3 engines but results will also apply to H2 /0 combus-
"perature environ- 4.1.! tion systems for high-temperature industrial steam
ment. isvstems and MHD systems.

4nd Various Large pressure vessels 2 5.1.3 Moderate 3 Materials system has wide general applicability.
and storage tanks. 2.4.1

3.4.1

112d 'I Pipelines and storage 3 2.1.2 Low 4 Vented-liniig design used for high-pressure chemical
tanks. 4 2.1.2 process vessels !or hydrogen service might be

employed more widely if low cost manufacturing and

assembly metheds could be developed.

Various (a) Pipelines, pres- 3 2.1.5 Low 4 Prinarily of concern to utility industries.Ssure vessels, 2.3.2

•.and storage 3.3.1

tanks.
S H, gas (b) Small containers 3 4.1.1 Moderate 3 Relevant to DoD wit.i regard to on-board vehicle and
H3 1l•iq. and associated 4.7.1 marine storage of ne* fuels, and fuel supply storage.
.H3 liq. transfer and 4 4.1.1 Also relevant to high-pressure or cryogenic storage of

delivery piping. 5.2.1 other gases.

H2 liq. (c) Aircraft and space 3 4.6.2 Hig:. 2 Possibly a superior approach to on-board aircraft
vehicle tanks; storage of liquid H,. Priority could be down-g:..ed
transfer and if initial efforts are discouraging. Likely to be
delivery ripir.g. _ high-cost materials.

1H2 H2 compressors and 2 4.1.2 Moderale 4 Present knowledge of friction and wear behavior of

pumps, materials in H2 environments is limited.

TX-36



Table IX-1O

PROGRAM K: TECH,.OECO•OMIC AND .%'GINE!MRING FEASIBILITY A.

Reference

Relates to: Section V11

Project Activity Table

No. { Project ro.cripticn , Tvpe Fuel Problem Area No. Iten

K-1 %tateri.Ils Su1ply 11equireLonts for l-ictrolyzers.

A study of the matarials 'rq-tire•sAts and miterials Technoeconomtnc Varto's Planning oi research 2 2..

I availabili+y for -ompeting advanced electeolyzet evaluation. and developmenti technologle3. Uitericis would include constriaction programs for the pro-

materiqls, soecialsty polymers cud ceriamics, noble and duction of 112 .

ronnoble electrocatal st4.

K-2 Engneeringý Feasibility and ý.eo`omics of Bu).k
Diatribution of By-P.Xoduct Oxygen.

Mater'iais support fnr at. engineering systuaL a-1 Engineering By-pro- Strategy decisions 3 2.1

eccaonic study of th,6 genera] distribution of oxygen al-I economic duct

Sproduced aa a by-product of hydrogen prodwction. evaluation. 02.

Study should include an analysis of potential

hazards.

K-3 2 Technical n•rd EconoAlc E,'aluatio~a of the Storage o0
Hydrugen as Metal H.-ride
Cost/benefit analySis of hydrinAe systems compared with Engineering I1, Medium- and s"all- 4 7.1

1 1--quid and gs-ccus Ik. for vario-s storttge capacities and economic scale storage of HI2 .

And applications, including peak alsving and vehicle evaluation.
uses. !!ateria'I raquirements ... ssajcr cost element. j J
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Table IX-lO

PROGRAM K: TECHL'OECONOMIC AND ENGINEERING FEASIBILITY AND EVALUATVON MTLqrJES

ea tooferanco to
•-- Relates to% Section VIII.

'Activity . Table elevanco

Fuel Problem Area No. Item (0o. to DOD Priority __________,____ _

.economic Various Planning of research 2 2.5.1 High 1 Isifermation gatherod witild also reiate to materlaLs

tion. and development roequirements for large-scale use of fuel colls, Of

_ programs lor the pro- j high rolevance to Do!D Lecause of policy decisions

duction of H.. {ve!Xtiag to defensý. materials requirements.

ring V'-pro- Strategy decisions 3 2.4.3 Moderate 2 if study reuclta are favorble, a I ollcw-Up study of

Conomc kct 'the technical acd eonnuic fuctorb involv~d In t,•1

,•ion. 02. 'ise aspects of hydroge--nxygen fuel system. Distri-
bution study is jivon lirst Constderat on because it
is consldezvd the key e -sont in the overall 2iO/

•- aystem, GceraI av'Alala•lity of low,-cost oxygen

_...._w would effrct many Vobl•tQlb SSt,.

ring H2  Medium- and small- 4 7.1.1 High 2 O high relevance to DoD with regard to use -f hydrid

nomic scale atv*age of 112. for on-hoArd vehicle or" %arino storAge of HX,

tieond. Study needs to be done in deptb. Pubt.15hed coparlsa

_. a J are not concldored a.•qu.a,
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